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The sea mever Changes 
and its works, 
for all the talk of men. 
are wrapped im mysicry 
—Joseph Conrad 
“Typhoon [1902], ch. 2” 
“The sea and the wind are not our enemies. They 
seldom destroy ow vessels without our connivance It 
is our own folly, neglect or carclessness, that opens the 
way for the attack“ 
From “Yachts and Yactu Handling™ 
Thomas Fieming Day, 1901 


The Minerals Management Service (MMS) was established by order of the Secretary of the Imicrior in 
January 1982 from components of the U.S. Geological Survey and of the Bureau of Land Management. 


The MMS assesses the nature, sxtent, recoverability, and the value of leasable minerals on the Outer 
Continental Shelf and it ensures the orderly and umely inventory and development — as well as the 
efficsemt recovery — of mineral resources. It encourages use of the best available and safcst technolo- 
gies, provides for fair, full, and accurate returns to the Federal Treasury for produced comnodities, and 
safeguards against fraud, waste, and abuse. The MMS ensures the protection of life, health, and the 
natural environment during commercial activities on leased Federal mineral lands. 


The MMS is organized under a director, and activities are shared by an associate director for royalty 
managemem and an associate director for offshore minerals management 


The Branch of Technology Assessment and Research provides technology support and technical serv- 
ices to offshore management personne! of the MMS as they operate with industry in the open oceans and 
ice-covered Arctic. These Branch functions include the Oil Spill Comainmenm and Cleanup Program, the 
Technology Assessment and Research Program, and a technology transfer or communications network 
comprised of headquarters and regional personne! 


The Technology Assessment and Research Program assesses the status of offshore technology and 
conducts studies which offer further assurances for safe, pollution-free operations. Studies are contracted 
to universities, private companies, and Government laboratories — wherever there are promisng ideas 


and capabilities for advancing the “regulatory technologies ” 


Cover: Rowan Odessa jack up drills an exploratcor well for 
Transco Explorauon Partners 15 mules offshore Texas mm 
Sabine Pass Block 18 im the Gulf of Mexico. 

Photo by Michael Puig, courtesy Transco Exploration 
Partners Lid 


Foreword 


This ts the sixth tiemnial repon of the Technology Asscssmem and Rescarch (TAAR) Program 
Simcoe the inception of the program a decade ago, approximaicly 1350 projects have been undertaken in 
arcas of structures and papelines, well comrol, oil spill comtainmem and cicanup, and engine exhaust 
cmuisson controls. These studics have yielded ower GOD techmcal reports and papers, all of which, with 
the cxcepuon of propnctary studics are availabic to the public, These proprictary studics are projects in 
which the TAAR Program has shared funding with one or more Companics, the reports heing held 
propnctary to the participants or their agents for specified periods of teme 

The projects and reports cmanating from the TAAR Program are kept track of on a chronological 
basis, and by glancing through the index of projects one can quickly sec how the industry's changing 
emphasis and its continuing Gevelopment of new technologics has had a direct cffioct an 
TAA&R Program planning. 

On the “from burner” now are environmental concems of oi! api response and air pollution. In 
addition, as a result of requirements im the recemtly promulgaicd .«! and gas regulations, the Fodcral 
Governmem will require structural inspection information from the mdustry on production platforms 

The TAAR Program is devising a system to operatic on the data, archive ut, and perform risk analyses 
from ut. Deep water structures, using advanced technologics not subject to peer review, are finally 
beo~ming a rcality. Al this writing, two such structures are being imatalicd in the Groen Canyon arca of 
the Gulf of Mexico and two or three others are being developed 

Together with fromticr arca challenges for platform designers are probicms always more of ices 
attendam to oil and gas operatons—the prevention and control of pollution. Readers of this report may 
notice that for the first time projects on oil spill comtainment and cleanup research and on cngine comes 
san comsrol developmen are included. 

If further information is desired on the projects or on other aspects of the TAAR Program picase 
write or telephone. We shall be glad to help in any way we can. In this respect we are planning our fifth 
seminar for the Spring of 1989. As many know, these seminars arc for the public without charge and are 
an opportunity for the investigators of TAAR projects to come together and to present their work 
Semenars are announced im the Federal Register. Many peopic are on our drinbuton bit and if others 
are imerested we will be happy to include them 


John B. Gregory Charles E. Smith 
Chief, Technology Assessmem Research Program Manager 
and Research Branch Technology Assessment 
and Research Branch 
Minerals Managemem Service 
Mail Stop 647 National Center 
Reston, VA 22091 
Telephone 703-648-7752 


Foreword 

Experimental Stody of Drvencr Sysicms Used im Offsbowe Dailing Operations 
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Nitrogen Oxide Control Technology for Offshore Oil and Gas Operations —PHILP__ 


Response of Tension Piles to Vertical Seismic Motion in Saturated Fine Sand—O'NEILL 


Soil/Pile Imeraction Due to Seismic Response of Subsea Soils—NOGAML 


Imerference Problems Associated With Risers in Floating Production Platforms—RAJABL. 


Structural Systems Reliability CORNELL 
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Evaluation of Oil Spill Chemical Additives—FINGAS _. 


The 1987 Newfoundland Oil Spill Recovery Experiment—TENNYSON and WHITTAKER. 
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Wellhead Fire Suppression With Water Sprays EVANS... 
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Introduction 


ABOUT THE PROGRAM 

The Tectmology Assceumerm and Rescarch (TAAR) Program is Ge roecarch branch of Mincrals 
Managemen Service (MMS) offshore operaoms As such ol provades a formal techmology hase for ficid 
and headquanicrs personne! at a terme when the oi] and gas indumtry 1 moving mmo Oe docper. roughkr 
oceams and the sce-smfemed Arcac Program studies address operational moods for the permating of 
éniling and produchan operapons (including de structural ven fication of praducwan platforms). safcty 
and pollypon mepecuams, enfiewocmenm achom., acodem mvestigatiom. and well cormrol trasmung roguire- 
ments In so doung. TAAR Program studies promose safcty and the prevention of pollunan 

The Outer Comtinertal Shelf Lands Act. as amended in 1978, specifics “on all new Grilling and 
production operavons, and. wherever pracicahic, on cunmting operaam., the use of the bea available aw 
safes techeiogues wtuch the Secretary (of the Imenor) dcicrmunes to be ccomormcally feauble wherever 
fabure of cquipmem would have a significars cfficct on safety, health. or Ge cnvirormmecra — ~ To apecify 
what MMS commders to be safe levels of aperanom. the Cade of Federal Regulavorms is promulgated A 
number of program directives have been developed to 4cfine and smerpret acoeptabie levels of perform. 
ance that must be met by the offshore petroleum mmduatry Among these measures are. for cramp. 
Notice to Lessees (NTL), the Well -Cortrol Certification Program. and te Platform 
Venfication Program 

The Platform Verification Program reviews the demgn, fabrication, and imutallation of acw produc. 
von platforms, and many TAAR Program studics address ts needs These needs will, no dowtt, mcrease 
m the years ahead to mclude technologies for penodi in-service meapection hecawse of the newly revised 
Cade of Federal Regulanonms Thus new cade requires information on what mdustry structural mmepechons 
have heen made, what has heen found, repaired. and what 1s the structural condition of the platform 

As memmoned ahove, the TAAR Program addresses the needs of MMS operation personnel, they 
are the users of the research To assure good commurmcation between TAAR and the operations person 
nel, who operate from regional offices around the penphery of the Unncd States. a technology transfer 
network 1s established The network consis of working groups located m regional offices and m head 
quaners (Operations Technology Assessmen Commutices, OTACS) wtnch discuss operational proticms 
and relevart technologies Where deemed apprapnatc. regulatory recommendations are made to MMS 
managemera The OTACS provide a forum for operations aaffs, TAAR Program managers and invest. 
gators to discuss research projects m a timely manner 


TECHNOLOGY ASSESSMENT AND RESEARCH 

The proyects of the TAAR Program are divided imo three categories well comrol of the prevention 
of Dlowowts, structures and pepeleme behavior and mapection, and the prevention of ocean and air 
pollution 


WELL CONTROL 

Al the heart of safe offshore operations 1s well cortrol the atulity to dnil and produce ov! and gas 
without sustareng blowouts If such catastrophes do occur, the blowing well must he brought under 
control to memmize possible lows of life and praperty and pollution of the ocean Normal well control 
aperatiom and blowout situations can he reduced to practical proticms im fluid mecharcs These situ- 
atioms can be solved by understanding all the vanabies of the system and by using effective equipment, 
knowledgeable procedures and personne! If the gooptrysics of the rack and sediment and the behavior of 
the vanows fuids on the well were hetier known, and if the dniler had wmmediate knowledge of what was 
happermng downhole, appropnate and tumely decison could he made to control potential blowout 
Comdet iors 

Drillers must not anly keep the Muid pressure dynarmcally balanced dunng dniling operations, but 
they must also determine if some pan of the structure has failed whether # he casing. comernting, or 
formation immediate knowledge of these failures could alen drillers to take eflective countermeasures 


At Loumiata Suse University (LSU) two major aspects of well commrol arc boing ewestigaicd we'll 
comarol assisted by an-lune howiom-hole pressure measurcmncras wtule Grilling (MWD), and drvencr 
operanans. The MWD 1s a tectengue developed a decade ago to provide borehole derochonal miorma- 
on wtule Grillang The usual tectrngue ts to tramenn coded pressure pulecs through dx drilling Mud 
The pulsing devices Curromily on use are mochamecal and cammot polec quickly cnough to provide safcty- 
relsied data in docp- waicr Grilling opcraoms, the atulny to have on-time (wt_ie Gnilng) saicty mforma- 
non (hotiom hole pressure) would greatly cnhance Grilling safcty Al pecscen. dnilicrs road surtace gapes 
attached to very long flow tines, which extend from te Grill Moor to the Gocan hotiom hundrods or 
thowsands of foct below. These flow lines add much fuid flow fncton, and a is very difficull to commrol 
homo hole preswees an a well under tramecm condom By uwng a pulscr valve, wtech operaics on 
Nundac proncepiics (the Nusddynamic analog of a mochatucal valve), the Gata rate Can be greatly mcrcand 
and can provide hotiom-hole safcty information. on line, to a Grilicr These data can te procemsed Gyrough 
a computcr winch automatically operaics the surface choke, thus comtrofiing the corculation m the well m 
a timely manner. The LSU has cuperimemod af full scale with euch tochengucs. In particular, te Nordic 
pulser weed 1s an capermersal device developed ty “ce Harry Diamond Lahoraonecs of the US Army 
under sponmsorvep of the TAAR Program. 

Nothung 1s really proven to be syaiem worthy unl a ts operated under realex condmom Prescratly. 
LSU  deviwng a semulated full-scale pirywcal made! with wtuch to teu the vanous clements of the 
MWD well cortrol system. Elements of this sysicm were discumed m the previous Technology Avsces- 
meri and Research Program Report, 1986 Repon. OCS Study 86-0053 

Deventer operations have also heen under analyses at LSU These large pepe eyes, 6 mches oF 
more #m diameter, drvent shallow gas away from drilling platforms before Mowouw! prevericrs are et mm 
place Operational cupenence with diveners, m general, has been lew than satrefactory am! Cormc 
quemily, under TAAR sponsorsiup, LSU has been analyzing and modcling drvencr dewen and 
operatiom: Asa res of LSU's research « appears that large-scale emprovements can he had only ty 
resorting to mnovatrve Comoepts for gas dirvorsion. For cxampic. the underwater shurting of gas may 
prove safer than the presemt ahove deck -method 

As an adjunct to well cortrol, cuperimertal studics are bemg combucted by the National Bure au of 
Standards to determine the feawtulity of suppressing blowout fires by crtramung waicr eprays on the 
flames Thermodynamsx analyses are revealing that, with very lettle com to operators, poping systems can 
he ngged to extinguish of, if desired, reduce the temperature of blowout fires Research has determined 
that water requirements are meiremal, though nozzic placement ts crincal ht ms not presently known what 
the degree of flame cooling. compared to oxygen Marvation, 1s respomsible for cxtinguishmcrt Also, and 
perhaps most mmporantiy, the effect of structural mmericrence mm the flame coburn needs to he quantified 
Thus far, research has concentrated on gas flames but is comtinuing with the study of mixtures of 
onl and gas. 

Blowout fire suppression offers a mew and vital means for permetieng personne! time to cx ape from a 
ng or platform and to save the platform from destruction In addition, a may prove to he a useful method 
for preventing of pollution if suppression measures allow the flames to perwet but at relatively low 
temperatures, thus permitting reoccupation of the ng for well rocormrol 


STRUCTURES AND PIPELINES 

The TA&R Program comtinucs to analyze the technological proticms cnocowrtcrod mm the dewgn, tab 
noaton, and emepection of fromuer area structures imtallatioans for the comtenental wanes, and for the 
we micsted Arcec In the Arctic the predominant structural profiems of designing for vanows forms of 
sce loadengs are gradually bewng worked out, but a will he at least several years before enginects will be 
atic to dewgn with confidence his a two-pronged problem dnowrmng the mocharcal properties of the 
ce and designing a structure to v thetand damage and movement 

For the past S years, the TAAR Program has participated with the industry im coring, testing and 
analyzing the engineering propertics of ndge we Results are quite Mhusive, multi-year sca toc having a 
ver) mhormogemous structure Presently, cmphasws ts upon bes research omto the fundamental proc 


cases by wtach fresh and salreaier we are formed and behave §=For Ox MMS. Gus roacarch os bong 
acoompinstied a Darumouth College undcr the snomontup of a comoruum of prwaie compamcs and 
Goverment Agencics. Bul knowing the physical propertics of ice are net cough and @ MIT work 6 on 
progress to dcicrmune the mechatuems by wtach ce empenges a tructure and fails Lastly. Oe tual force 
of the sce Grrven by wend sree and accan currents has to be Gcicrmened. and over Ox pau 7 ycan. Ox 
MMS. together wath the Cold Regio Rescarch and Exguncenmg Lahormory. have coopermiod wath cul 
mnéuicry operon om the Beauion Scam Oe ww of sce tees gauges around smcallaom 

hoe can also he wad as a maicrial to comeract an ndand for Grillemg or as a berm to proton! @ructures 
Spray sce, wtuch 1s made from sca water epezyed to Oe ar, has successfully boom weed im ee Arc as 
amaicnal for protoctrve berms and mlands for cuplormoary Gnilimg The crarmows mam of these era) 
oe Mructures Can abeord the large loads created by Gee mowing woe flocs and they can be comeructed a a 
reancmatiic OOM 

Al Qus writing. afl cycs are upon the cverss icadong ap to the eaalilanon of two ree tochmeioagy 
structures for the very docpewaicn of the Groen Canyon areca of the Gulf of Messon. a quickly shageng col 
rich site 150 miles souwthreceu of New Oricam Onc platform. de Comace Tonwon Leg Well Platform 
(TLWP), ts to be inetalied in 1550 fort of water, a Goopemer socerd for prodection platforms: The 
plationm will comms of a bucyart hull section up to wach Pydracarhon production rach eri! he run 
The platform will he pulled down to suppress wave action by heavily loaded tomacned legs of tendon. 
as they are wwally called The tendom. m tum. will pull agar a scated foundation held m place wrth 
termaned primgs 

The second platform ts Placd Ov Company's Floating Production Syaem (FPS) Theos emtallation 
was mmstalied m even deeper depuis 1780 feet The hell of the FPS os a large scrmreutencruitde drilling 
ng modified with pormaans to provide moreased buoyancy for supporting production cquipmmemt —brecad 
of tendons the FPS mamta postion wrth a taut were rope muliqneem moaorng sywicm Whereas the 
hydrocarhon risers of the TLWP individually reach up Gwough the water cobumn to the hell, on the FPS 
flow bones and risers are Comamed ma wingic 7 foot overall diameter package wtuch has buoyare whe ath 
ing to partially suppor its wergit Both of these platforms and at leat ecveral madificatiom of them 
winch moght be ervissoned, are hewng analyzed m commderatie dctal by the mduetry ant the MMS 
Whereas ot 1s logical to emetall these new technology platforms at thes time. must he remembered tha 
some structura’ agpects have little of mo comparatic operational capenence to guide demgnen There 
fore. demgms noed to he closely venfied by MMS and mm service performance ngorowsly monnored 
These tunds of protiiems. discussed herern. result from the applcation of matcnals and the behavior of 
the clemeris mm a compiles dynam sywicm For crampie, carsteng platforms. with the cxception of the 
Canoce Tension Leg Platform, installed mm the North Sea, have risers winch are secured at relatively 
shor imervals between the foundation and deck But TLP’'s and FPS’: do not have the structure to 
afford such braceng Therefore the neers. umeupponed Gyough theer compicte length, are subyected to the 
vibratory movons of ocean currem imduced cacravon known as strumemng. and also to platform cxcur 
worms from waves, wends, and current 

Other foreseen protiems pera to the future use of tagh strength sects for members such as ten 
doms These steels will have to he weed om certam future deepe ater imstallatiom where platform weighty i 
an overnding commderation The stcecls will have to he carefully selected. welded. mmpected, and pro 
tected from the ocean emvironmen Trade offs will have to he made by dewgnen hetwoen toughness 
and tensile strength to avord, in particular. two mades of Catastroptuc farbure stress Corroman crack ing 
and corrowon fatigue 

Pilengs im tension are another area of comcem Much research has heen accompbrhed by Canace on 
hoth driven piles and on drilled and growte d prices, and operational capenence will he vabuatite om the 
determination of the actual state of the an For cxampic, if a pole ts immened ito a prodrilied hole, and 
grouted in place, how 1s the holding capacity m tenwan and mmegrity of the pile assessed” 

Other problems, euch as designing for scrum loadengs on platiorms sted off Cahforma. and on 
future years off the Aleutian chain (to mention the nctonows carthquake prone areas), need to he worked 
oul as industry operations move imo deeper and more hostile waters wang bews wtructurally redundant and 


hgtacr platioems Both Oe mammary and Oc MMS are Connery @ te meewromets of how lnadings 
and Oe reqnomes of piationms to thom These measurements Cateet property te colrapedaio’ trom 
Gmdure scwma Meanuromermns tus mew wake emo aout Oe accan sodirmotes ond the mosdcte and 
reflected stack © aves tranemmod Geough thom and Geough Oe © act Usdumn 

As metmoamed cater m Gus Chagacr. Ge MMS n. fer Ge fire ume toguemtg Oe madwery to open 
wewally the roeuits of os undcremcr eegecticm of plaice: These forma peegerty analy rod esl 
afiord much emprowed mmagit emo serve capemeter oath me ant) Ge nce: piatiorm tut a eril 
Ge mary ageng Gulf of Messe mructurrs «Three Gata oll te ogee wo Oe MMS & 0 supererncs 
mdwery operaticen to aseure Gist Gury are saic bn Ges reget mmdwnery and Oe MMS are pata natirg 
prey om w@udees petiareng to mak and rrhateley of phatiormm etetiey mee oid cr damaged 


Of. SPILL. CONTAINMENT AND CLEANLP 

Dureng the paw ) yearn. peemarily mm comgunchem eh a coeperairve roecanh program eth Oe 
Depenmere of Gee Ezrwcewners. ( anada andes have teen made m quarter! ying the atwhety to Coma and 
clean up onl gelled » the anen acer an Teo metheds of approach have teen weed Oe ciate of 
fundamnetial percapics and at aca Capermeratecrn 

In reqnemme to an onl apebl. a muener of factors Gracrmene operaiemal cfloctrveness The onl egw! has 
to he reopened capedmicusly and accuraicty A praperty oguqgqed reuse tcam tramed mm Oe ux of 
equipeners appix atic to the apell creveroreners amd ready for dephoymern an eucatie rouge wevacts has 
to arrrve am sceme quxbly Onty after all of Grew factors are mm order 1s Oe very Grffiowl aneraton of 
clean up feasstiie In addrcm. all of the measures appropriate for the Cleanup operation need to have 
heen approved by the Gowernmern for usage (For example the hurting of oo! or the wee of home abs 
are comtrowerwal and are im Marry arcas net perreemed ) 

The MMS program ts adéresuing Ge Gree agpects of comtammmers and Cleamap me hare al hermne 
the onl om the surface of the ocean. and weing addmrves to Grepetee the onl pmo Che wea or to aeeret mm ite 
retrieval 

The effectrvencss and the proper anplx atom of Grepersares  Cormrovermal Adve ates marmtann (hey 
are weeful of property appiied. others commder them to he margmailly eflectrve The matter has heen 
referred by Gye MMS to the Marine Board of the National Academy of Engineering for analywns The 
fondengs profhatly wll he av asatie try the date of thes prorting 

Whal appears to he most prommrseng as a apell reaper techrmgue capecially for comfoned seas euch as 
broken se freids. 1 the burmeng of onl on the aceam surface. whether the ov! rs frewh or weathered Emu 
wfied ol dacs met burn well The Nanonal Burcay of Standards has heen conducting texts to determine 
the products of Combustion and remdues of bummed o#l and peetemenary results enc ate Chat appro 
mately 9O peroera of the ool cam he burned Tests need to he run at large scale ard m the open acean to 
verify laboratory analyses. and these are hemng pranmed om compwnction wath Fmvercomenort ( anada 

Mecharac al means for recovery of apuiled ol have recerved the propemderance of ationtion over the 
past score of years Weth certam cxceptom, such as flameproof, firepran! haem. mechar al rooovery 
equipmnem are developed to amature sage However, rating the performance of hoe shrmmmer cy storms 
has heen a maticr of manufacturer clawms Recertly. through a jours MMS Evironment (Canada 
Canadian Coast Guard at sea crercise. imatrumeried hao tests were performed wong apelled onl to 
validate Crtiena for presonteng standardized names! apell procedures for ev abuatong all open ace an 
honors These offshore tests revealed cenam shorocom:;ng,s im rough water hao tow procedurcs amd. em 
addrion. revealed that certam orl additives erfhanced the abebty to euch the ool from the pecker of the 
hoon. thus greatly mmproving operational eflectrvenees The nam potiuteng test procedures were val 
dmcd 

Another findeng during Gus exercise is that comtammencre hooms can he operated cflectrvely by towing 
dowrrwind im Conditions far exceeding the matimmurn sea statics whch have caused farhere om hecwns 
operated m the normal upwind made One other agpect of the offshore tows was the satrefactory use of 
“detuned” stuphoard navigational radar to locate od shicks up to drstamwes of |) miles om a range of sea 


states Further capenmcts and analyses are planned 


Comitwanen ongen exhausts yecld seweral pollutants wtuch cfio health OD. COO. NO. NO. SO 
ané patmoulmes A vancty of those podlutaees cam te troduced by mca of diormg Combwsteem Cycle 
modefyang fuchs. and ocaemg cuhauw gases The procedure weed Goponds upon Ge Carcumaatcr = tn 
onal trumes. for cxampic. the patties. wtuch are almow crmecty reuperatiic. have Ge atulity to ater 
ether ,cactmially carcnagem In drocarhom and gas wach as SO and NO. ads mach a SO and 
HNO, The han ctycctrwe. Gheecfore m common comrol m onal menes (where dicnel onpites are uw 
10 produce mochamacal omergy for merung) 1 to reduce paticulaics, an otyoctrve accemnpintied Py ner at 
img engeas a masmum cific) and by “xcrutteng” ong cola gases 

Operaem on te Outer Coremernal Shelf ae use Grcachs as preme mover. capecially for drilling 
mgs and hows The production plationms cmpim cas tuftencs, wich . to a large cutcre. are fucked wath 
natural gm Of peemary comer to the along shore popwlatiom are Oe wewihiic and srranating cflocts of 
amog produced thy these ongemes and from ayiometwies. shore powcr pharm ca | Though particulaics arc 
of camorm. the mragen onsdes (WO ) are commadeted by aor quality Commred wtranfics as Ox peema§ry 
offenders Of the naragen oxides, NO, ts the mow dangerous ht 1s a brownish haze m color and rc acts 
m the atmonpiiere to produce oveme WO errmaics the cyes and bungs 

As Combwatien tomperaturcs morcase, WO production erxrecancs as wefl To comply wath the re 
quiremeres of crvel authorwecs, offuhore aneraion have weed techregucs exch as watcr mycctom with fuct 
to lower Gee temperature But though ts methed 1 rciatrvely empile @ deraics engi thermal cffmicn 
Caen, reduces engine hfe muereancs cuhawd sact and is only of maed efloctrveness m roduceng WO 
Other tectwuques are available and are prewing to be wgreficaraly more cffisert These methods ment!) 
the combwetan process and/or treat combwction products esther catabyncally, cChommcally or tewh Sev 
etal methods appear frunful for analyes and powsitiic dernamsrancn on the OCSD Such an analy. 
requires the scrutry of ato! mene criteria euch as process efficacm) firet com and operational cots 
safety. and emvirommemal efiects When the analyser ms complen 2 program needs to he devised to 
develop candidate techrugues to a level Greve they can he cvabuaiod m offwhore domormtratiam propo. ts on 
gas turtene and dese! engenes 

The TAAR Program is currently working Grough Arther D Little, Inc, to perform such an analy er 
and to Gevine a plan Im addon. «1s particepating with the LS Depanmers of Energy to mrvewtigatc a 
new exhaust! treatment tecteuque Lnown as Rapronos: wtech dacs net roquire a catalyst and wees a 
norton Chemical agert 

As previously stated. the TAAR Program ts cxamereng the technologies applicatie to MMS off shore 
Operations through a comtract research program The appiscation of the vast acrcrtifi amd tec tc al 
wmterdiscephinary knowledge. wtuch cxrsts om the umrvereties, Fede ral lahormones and priv ate companies 
18 esseritial to the prude regulation of am mmduetry that  commartly expanding ito mew howtile 
CPV IrOr renin: 

The TAAR Program oncowrages immov aan and creatrvety wtech can he accompitruhed cml) hy 
atiracteng taleraed acrortints ant ongmmeers who are dedicated to the furtheranwe of sciemmoe ame toc hme! 
ogy Good sconce and techmelagy can only he accomplished when several variaties Comverpe a tal 
emed mrvestigaor downg ts own research (wtach happem to comcode with MMS newds) ay alate 
resources, and proper time fram.s The TAAR task is to “heat the bushes” for mmewative poeple Scien 
tests and engineers learn of MMS iruerests through Program anmowncomerts im the Federal Regract 


Program reports and by attondene 1 AAR brogram seminars 


Eaperveratal Sted: of Diverter Stems 
Laed om Offshore Drifting (Oper steam 


Precapal loweetigaor =6Dr Adam T. Bourgoym., ir 
Pevoicum Exgunecring Deparnmets 
Lowmuana Sume Lineweruty 
Bacon Rouge. Lowmana WH)! 


Otyectrves To Gctermune anproved Gemen cracna for thowowt peevetzicm sywictm used to handic flow 
from smaliow gas sands Guring oftwhewe Grilling omeraticem 


Blowouts are among x mow Gangerows hazards of offuhore onl and gas caploracm When a wc! 
tweatem to hlowout. the quct wae of property dempned Nowa! prevermion oguagencra Mm Mecewa;ry to 
avond harm of personnel. eguipenera. and Gee crviroeenera. and to avend lows of valuable natural re 
sowroes Well corercd is capecially Gifficult when a Cercacned Mowow stuasban accuts at a shallow 
Geguh. prior to settiemg surface casmmg m the well Under these condmom, normal well commral anerahom 
canna always be employed If the well 1s closed a the surface wang Mowou preverters, Pydraula 


Figure | Fe memgete Pte ener Eitewty etimg Need for Phoerter Sy atewm 


fracturing ts Wkely to Qoowr im an exponed shallow formation duc to the hurld up of presewre om the wel! 
Hf ome or more fractures reach the surface the resulting Mow can destroy the fowndathors of a hottie 
supponed structure (Figure |) 

When Grilling from a hetion supported structure the hest avarlatle procedure for hamedleng a thre at 
ened howouwt from a shallow gas formation «to divert the gas flow sway fromm the wructure and ary !line 
perscrme! Ths requires the use of a Grvener eymiom that 1 large enough to prevere a presewre held up 
mm the well ahove the fracture pressure of the weabew formation that 1s cupmaed to the wellbore preeowre 
The essertial clemerns of a divener system mctude (|) a vert bene for comducting the Mow away frown rhe 
structure. (7) a means for closing the well annulus above the vere bine during drvener aperaticms amd | ') 
a means for Closing the vera line during normal Griileng oper acc 


The sequence of cverms acourmng when a stullow gm foe » cnorwecend orc harmo’ @ Fare 
When te énilicr rrongcurss that Ox weil has theogun to flow. Oe Groner sywicm » ature’ (OD) The 
wmultancounly . auecs Gere vers lee to open and Oe aewia Groene teal to chew Bf Ge eel plan ca 
for a Gynammc well comercd metiesd to he aicengeréd wath Oe ng pum Oe Grilice ma) COMER Oper 
Grilling fled at Cee mausmum porwuittic rac mM an aMomeL w ecgam cowered As Grvlleng Mund oe Orcta. 4 


Figere 2 — Sequemee of B comts Prering EPs erton | hper a tenes 


fromm the well. the rate of gas flow mmo tu well mcreases duc to the lows mm hetiown fede pre emer (Oc) 
After the well 1s unioaded of Grileng Mund, a sem acady ame conde reacted (2d) om ete & forme 
tom gas. water and sand are flowing throwgh the vera ime The lows of driflomg Mand from the wollte: 
will weually reeelt on an unatatile horchole wall that ell evertually cave om and form a plug thu etogs 
theflow However, m some cases has heen necessary to drill a rete! well to map the Mow 

Although comoeptually semple. the design maiacnance, and aneratiom of an eflectrve deocmor eyion 
for the vanous types of Grilieng vewsets ts a Grfficul protiem On mow offatiewe Griflemg wercteres ts 
diverter system i dewgned after the mg rs tet, compticating the rowing of the vere hemes armed row. 
the need for hends mn the papeng Past capenence has shown that when a etuatiom « alleng few the wae 6!» 
Grverier arses. favbure im the Grvener systers otien acowrs Ties tngh farbure rae mda ates the mood for 
developeng mmproved demgn cruenma for these system A review of field capenomors wth drwener 
symiorms imdvcates that failures generally reewh from (|) tegher pressures than cupected (2) creer 
caused by produced sand (4) per anchoring of pepeng and other vempomernts (4) valve farhces ame! % 
human error The trend to larger pepe sizes om modern drvener cymemes has reduced the met of phe opine 
although setting of harne fron the G@nibimg Med m low sectiam of drvenion: eath cat! pene rem. oon 
etell presere prucritial haz ards 

In order te enprove (he acowracy at etech the various inads enpened om a drventict sytem Cowkd! 
predicted a mumtter of caperwmerts were performed and fall wno the following ¢ me gore. 

| Measuremer of flowing well pressures umdct uretcaty sate comdeicm: a ourrng & tele ory!lene 


fhuid is being displaced from te wellbore (Figure 2c) 
2. Messurcmem of somic cxm pressures and flowing pressure gradients mm the Givericr line 25 2 
funcuon of flow rate for sicady state mubuphas flow of gas/iquid mixtures (Figure 2d) 


| 


3. Measurement of crosion rates and plugging characteristics im vanous types of drverncr turns for 
Steady state, multiphase flow of liquid/sand slurnes and gas/iquid/sand mixtures 
A number of model diverter systems were constructed at the LSU/MMS Research Well Facility im order 
to the perform these experiments. A schematic of two models used is shown in Pigure 3. 


Summary 


The experimental data ottained provided valuable insight imo the controlling fluid dynamics mecha- 
nisms involved in the complex multiphas. flow behavior of well/divener systems at somic and near somic 
velocities. In the past, backpressure estimates were often made by assuming that the pressure in the 
diverter exit was atmospheric and the fluid acceleration term was negligible The cxpenmental data 
showed that these assumptions could result in large errors. Based on the data, improved methads for 
Calculating the critical (sonic) flow rate and near sonic flowing pressure gradicnts were determined for 
two phase mixtures (Beck and others, 1986). Systems analysis procedures were then applied to develop a 
computer model of a gas-formation/wellMivener system (Beck and others, 1987). The computer program 
will model both surface and subsea diversions of shallow gas flows. Use of the program will permit the 
evaluation of the adequacy of a given conductor-casing/diverter design for handling a given gas reservour 
without hydrofracture in the open borchole. The program will also calculate the maximum surface 
pressures and flow rates that would be experienced during the diverter operations. 

The experimental data on crosion in bends duc to produced sand showed that very rapid diverter 
wear Can occur near sonic velocities (iohnson, 1987). This can be seen in Table |, which gives represen. 
tative results of some of the measured maximum rates of loss in wall thickness of various types of 
diverter bends. lt was found that crosion rates are greatest for gas/sand mixtures. Introduction of forma- 
tion water or drilling fluid to the mixture significantly reduced the erosion rates. For gas/sand mixtures, a 
plugged tee was found to be about an order of magnitude more crosion resistam than shor radius ells for 
making a 90 degree tum. Long radius clls were significantly more erosion resistam than short radius cls, 
but did not perform as well as a plugged tee. For liquid/sand slurries, this order of performance was 
reversed but the observed crosion rates were about two orders of magnitude lower than for gas/sand 
mixtures. The measurements indicate that for currently used designs, a short diverter life should be 


Superficial | Superficial No Stip Mian temeacen 
Fitting Type | Ren ‘Ge | liquid Sand Rate of Lows 
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expected if formation sand ts produced in large quartitics. Wells on diveriers have been observed to 
produce large volumes of sand. 


Conclusions 


As a result of the work performed to date, the following conclusons can be drawn. 

1. The effect of critical (sonic) flow at the diverter exit and the fluid acceleration term in the multi- 
phase flowing-pressure gradient calculation should not be neglected when calculating pressures 
in an operating diverter system. 

2. A systems analysis procedure can be used for evaluating the adequacy of a conductor casing/ 
diverter design for handling a given gas reservoir without hydrofracture im the open borehole. Use 
of this procedure indicates that the minimum possible diverier diameter decreases as the depth of 
the conductor casing increases. 

3. Very rapid diverter wear can occur in bends of a diverter line when formation sand is being 
produced with formation gas. The rate of erosion was found to be ahout two orders of magnitude 
higher for gas/sand mixtures than for hquid/sand slurnes. 

4. Erosion in a diverter bend duc to produced sand is greatly affected by the type of fitting used. 
About a tenfold increase tn diverter life can be achieved through use of a plugged tee when 
making a 90 degree bend. 

$. Because of the possibility of rapid failure duc to erosion, ng evacuation is recommended when- 
ever a conventional diverter system is used to handle flow from a shallow gas formation. 

6. The erosion rates in a diverter system are approximately proportional to the gas velocity raised to 
the 2.5 power. This indicates that the use of a large diameter diverter with a partially restricted 
exit will greatly improve diverter performance. A systems analysis procedure can be used to select 
the size of the restriction used for a given conductor casing design. 

7. Subsea diverers offer several advantages over surface diveners and should be further studied. 


The work completed to-date has led to an improved understanding of the loads placed on a divener 
system when handling a shallow gas kick The computer program is being extended to include modelling 


of unsteady static flow of gzs-comtammaticd mud from manne mecrs. In addmon, the compuler program 1 
being used to evaluate Gee icasibilaty of a novel subsea divener Gemgn Eromon tc are also being 
conducted for several other Grvener componcmis. 
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Mukiuk Ice Stress Measurement Program 


Principal Investigator =Dr. GFN. Cox 
U.S. Amny Cold Regions Research and Engineering Laborziory 
Hanover, New Hampshire 03750 


Objective: To mvesngate the magnitude and vanation of ice stresses around an offshore gravel island 


ice stress measurements around offshore arctic structures are needed for the developmen and 
verification of analytcal ice force preCiction models. A number of ice stress measurcmem programs have 
already been conducted (Croasdale and Froderking, 1986) In general, measured stress valucs have heen 
lower than anpcipated and the results from these studies have had a commdcrabiec mmpact on owr undecr- 
standing of ice-structure imicraction and operating procedures im the arciuc offshore. 

In an effort to further our understanding of the magnitude and variation of ice stresses around fixed 
offshore structures, ice stress sensors were deployed around Mukiuk. an art.ficial fill msland sxtuated m 
15 m of water in Harrison Bay, Alaska as shown in Figure |. Ice stress and temperature measurements 
were ottained from twenty-three sensors positioned af seven siics around the island (Figure 2) Data 
were collected from the beginning of March to the end of May, 1985. This paper summarizes the results 
of the Mukluk ice stress measurement program. 
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Figure 1 — Location of Mukluk Island in Harrison Bay, Alaska. 


In early March, Mukluk was surrounded by grounded rubble resulting from the movement and pile- 
up of thinner ice carlier in the winter (Figure 2). The rubble was most extensive on the northwest side of 
the island, extending about 300 m from the structure. The larger pile-ups were about 15 m high. The 
first-year ice on the north, south, and west sides of the island was about 1.6 m thick. On the cast side of 
the island the ice was thinner, 1.1 m, as a result of the southeast movement of the ice carlier in the winter. 
The ice had a characteristic C-shaped salinity profile with an average salinity of about 4 parts per 
thousand 

Ice stress measurements were obtained using the cylindrical biaxial stress sensor developed by 
Johnson and Cox (1980). A detailed discussion of the sensor design and performance can be found in 
Cox and Johnson (1983) and Cox (1984a). The sensor has been successfully used to measure thermal ice 
pressures in New Hampshire lakes (Cox, 1984b), and ice forces in Esso's caisson-retained-island (CRI) 


Figure 2 — Aerial Photograph of Uublwt Island Showing the Ice ( onditions in the Area and the | 2x ation of the 
koe Stress Measurement Sites 


in Mackenzie Bay (iohnson ct al. 1985) and Adams Island in the Canadian Arctic (Proderking ct al. 
1984 and 1986) 

Unlike the stress measurement program conducted by CRREL at Esso's CRI Kadluk location, where 
the data loggers operated in a heated building on AC power and were cominuously monitored, the 
Mukluk program was an unattended, battery powered operapon Data loggers were placed on the ice and 
serviced at two week intervals. Unfortunately, some problems were cxpenenced with the internal batter. 
ies in the data loggers which resulted in a number of gaps in the data record 

Two to four sensor; were deploved at cach of seven sites around the island The number and depth of 
the sensors at cach site are given in Table 1. Only two sensors were deployed at Site 2 as the ice in that 
areca was only 1.1 m thick. Four sensors were placed at Sites 5, 6, and 7. Earlier in the winter, and in the 
previous year, major ice motions in this area were towards the southeast, so sensors were concentrated on 
the northwest side of the island-rubble compiles 

Maximum and minimum stress readings for cach of the stress sensors during the entire stress meas. 
urement program ave presented in Table |. Compressive stresses are taken as positive An cxampic 
siress-temperature record, Site 6, is shown in Pigure 3. Here, for convenience, the stresses are resolved 
imto north and cast normal components and shear Net ice motion data for cach of the sites are given in 
Figure 4. The movements were determined from surveys of the ice stress sites at the beginning and end 
of the program 

The maximum measured compressive stress during the measurement program was 240 kPa and the 
maximum tensile stress was 340 kPa In general, compressive and tensile stresses were usually less than 
100 kPa and seldom exceeded 200 kPa. This is not too surprising as the meteorological data collected by 
Sohio on the island indicated that there were no major storms during the study. While the temperature 
data given in Pigure 6 does show that there was a significant warming of the ice sheet after 25 April, 
thermal ice pressures were small. In contrast, maximum thermal ice pressures at Kadluk were about 500 
kPa (iohnson et al. 1985). At the Kadluk location in Mackenzie Bay, the ice sheet was relatively fresh 
In Harrison Bay, the sheet ice had a salinity of about 4 parts per thousand. As the ice in Harrison Bay 
was considerably more saline, it had a lower modulus and yield strength than the ice in Mackenzie Bay 
and was unable to sustain any significant thermal stress during warming 
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Figure } — Ice Stress and Tempersiure Date for Site 6, 2) North Norma! 
Stress (Component, b) Fast Normal Stress ( omponent. 
€) Shear Stress Component, 4) Sensor Temperature. 
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Figure 4 — Net Ice Movement at Each of the 
lee Stress Measurement Sites 


Dunng te Kadbuk sce arcs mcesurcmers program Or duecuon of Ox pomcapal srceecs mm Oe op. 
middie, and homom of the sce sheet icnded to be ahigned when Ge sercencs af al) Geos levels cucended 
100 kPa As mrcescs were generally lower Gum 100 kPa @ Mubduk. Gere were only 2 icw inmates wien 
te srceecs were ahgred Gyrough Or full Guctnes of Oe we sheet 

Analyws of te ace mn ws Gata God net reweal amy symeomatx lateral varnabom @ Or ue arom Gunny 
te fire pan of te program. For cuampiic. tee Gaily mean magrutude and Greco of Oe princmpal 
srcescs on April 4 a cach of the shes are phoned in Figure §. Dama 2 76 om wore Chosen os Oe somes ot 
tus level provided the cleanest record and were close to Oe newtral anes of Oe ce sheet In admin to 
the stresses heong low. the sce etree Mcasuremert wies were peobabty too far ana§n to otuerve any 
comunugum behavior mm the mdged sce cover 


Figure 6 — Mess Deity Magnitude and Direction of 


Figure © — Mean Daily Magnitude end Direction of Principe! Stresses of "% cm on Mey 29 
Principal Stresses of 76 cm on April 4 (bution Dewe 149) 
(Julian Date 94) ( omverging Arrows Indicate 
Tension and Diverging Arrows Indic ate 
(OR pr eee tern 


Warming in late Apnl and May induced thermal stresses im the ice Cover resultemg im an overall 
imcrease im stress in the ice sheet from alow tensile state to a compressive state The mean daily magn 
tude and direction of the principal stresses at 76 com on May 29 are iustrated in Figure 6 The stress at 
Site $ at 76 cm 18 anomalous as nearly all of the sensors, regardless of depth and location, indicated 
compressive stress in both princepal directions In general, compressive stresses were higher on the north 
side of the island This ts im agreement with che southerly net ice movernemt shown mm Figure 4 

It ts immeresting to note that vanations m the ai temperature cach day resukted im drumal oscillations 
im the stress record, not only im the upper portion of the sheet capenenceng the greatest temperature 
change, but also at depth Frequently when the ice sheet was in a state of bending, the change im stress at 
the tap and hotiom of the sce sheet were of opposite sgn, that 1s, yncreased Compressian in the tap fibers 
caused increased tension on the bottom fibers 
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( omcluwors 


The Mukiuk soe stress mcasurcmnces program is yet another cuampic of low ice rcescs around an 
offshore arctac structure While from a rescarch and amalyes perepective we are Grappomicd thal no 
mgmficas stress cveres were recorded. the results of thus and reoem studies showld delight petroicum 
opermors as they suggest tht we have heen overly comecrvative im cstumating sce forces on offshore 
structures, parmcularty om arcas of lamaed ice moverncra. During the course of the Mukiuk program the 
1ce sheet moved shout 6 m towards Gee wland. yct. maxemum compresurve sircescs were only 240 LPa 
and usually less than 100 kPa ht os comcervatiic that Mukiuk capenonced as Largest ce loads carlecr m 
the wirner Guring te formation of the rubtiic pile on the northeast wdc of the island For tus reason an 
effon needs to he made to measure stresses om the ace carly mm the wemicr pror to the formation of a rubtic 
pale around the structure Unfortunately. all xe aress measuremer programs have usually been mutated 
om March when there 1s ample Gaylgtn for logrsac suppor and ambecri temperatures are not tao cold to 
hamper personne! and equipencrs 
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Otyective To conduct cyclic lateral loading tests on a full-scale pile group m order to evaluate group 
effects and compare with curremt Gemgn procedurcs 


The design of piles sm samd for lateral loading 1s a common probiem im foundation engineenng “Mod 
research has been directed toward the response of imdrvidual piles to lateral loads However, pics are 
mos frequeraly used in growps and bttle information 1s available on the effect of prie-son)-pale imteracton 
on the performance of groups of piles subyected to lateral loading Cyclic lateral loading 1s an aspect of 
the problem winch imroduces addimonal complexity and 1s encoumtiered in offshore foundapons as well 
as other apphcapons 

A study was conducted at The University of Texas concerning the behavior of a closely spaced group 
of piles in sand when sutyect’ J to cyclic lateral loading Pull details of the research program are pre- 
semed by Mornson and Reese (1986) The research included a large-scale load test of a group of rene 
steel pepe piles winch were mmstrumented to measure the distribution of load to the top of each pile and 
bending stresses along the length of cach pile A semilar load test was also performed on an isolated 
single pile for comparison Several important aspects of the behavior of pile groups im sand are sdentified 
by these measurements 

The load test was performed in conjunction with other studies of pile behavior at the Foundation Test 
Pacility on the campus of the University of Houston. As shown on Figure |, soil conditions consist of 
9.5 ft of medium dense sand underiain by very stiff clay The piles were driven and load tested in the 
natural clay soil prior to excavating and backfilling to place the sand Because the piles were not structur- 
ally damaged in the earlier experiment, the group was used for this research to ottain substantial addi. 
tional experimental data at a relatively modest cost. The propertics of the natural clay soil at this site 
were described in the report of the group test in clay (Brown ct al., 1987) and in detail by Mahar and 
O'Neill (1983) Because the sand extends to a depth of slightly more than 10 pile diameters, the response 
of the piles to lateral loading 1s dominated by the response of the sand. 
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Figure | — Site ( onditions and Results from Penetration Tests (after Ochoe and O'Neill, (1986)) 


The sand was placed m a rciatively Gry sate and compacted m 6-ench bifts w a eclatiwe Gemaity of 


about SO percess using a Dyna-pac EY 1S witeating-piaie compactor The sand has a uniform gradation. is 
of moGram density. and 1s Clasmfiod SP by Gee Unified Soll Clasmficapon Symem Results of Girect shear 


tests indicate the compacted sand to have an angic of iacrnal friction. © of 345° for a Gry Gemuity of 
96.5 Ibwft’ Results from come penctrazon and standard penetration ices are shown on Figure |. along 
with a correlanon wath the angie of wacmnal fncuon Pressuremeser tests were also performed mm tee sand 
and were reported scparaicly (Little and Briged, 1987). After cach Wf of fill was placed. de sand was 
thowty saturaicd from below using perforated PVC pepes wtech had been placed at the surface of te 
Clay The sete was kept flooded unt! compicuan of the testing program 

The pile group comsised of nine mec! pipes, 10.75 im. in outside Giameter, with wall Gickneses of 
0.365 im. The piles were arranged in a 3 by 3 growp with a spacing of approximately 5 Gamecters on 
comer. The layout of the test site and cand fi) is Mestraied on Figures 2 and 3 
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Pigure 2 — Site Layout (1 & « 6.905 om: 1 in. « 25.4 m). 
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Figure } — Pacevetion and Pipe System for Setureting Send (1 ft - 6.308 m) 


In order to provide information on the response of the individual piles and surrounding soul during 
loading, a thorough program of instrumentation was performed The instrumentation used for this 
experiment is essentially identical to that described by Brown ct al (1987) The testing arrangement was 
designed to load the piles through a ngid frame with pinned connections to the top of each pile Instru- 
memtation was directed at measuring the distribution of bending moments along cach pile, the distriby- 
tion of load to each of the piles, and the slope at the top of each pile With these measurements, the sou! 
resistance as a function of depth for cach pile could be determined 
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To measure bending momeres, a pepe wath 2 Giamecacr of 6.625 mm was grouied amo cach pile Thee 
panes were smemrumema! wath cleoctncal sremiaKe ran gauges. as shown on Fogure 4. to prownde 
measurcmete of bending moment av anous Oepehs along cach pile The wingle pele was imetrumerncd 
with gages on the cxtericr of Ge pile surface (Brown ct al. 1987) 
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Pigere 4 — Blewation View of « Fite from the Group Showing Lacetion of Strate Geuges (1% ~ 6.208 mI im « 284m) 


The ples were connected to the loading frame through a momern free jot A load cell at each 
commection provided a measuremert of load to cach pile Load on the group was measured with a singic 
load cell, whach provided a check on the total of the loads from the individual pile load cells Measure. 
ments of deflection and slope at the top of cach pile were made using two linear potentiometers that were 
mourted to an independent frame at differert heights ahove the pow of load apphcation 

Load was apphed as a push or a pull using a double acting hydraulic cylinder Al each preselected 
load, the load was applied im either the “compression” or “tension” direction and the group deflection 
was measured Cyclic loading was then applied using a computer driven servo-comtroiier to produce a 
serusodal curve of piichead deflection vs ume The deflection found for the first cycle was maimained 
constant in both the compression and tonmon directions, thus allowing the load to vary for the 1(10 to 200 
cycles of load at each load level. The frequency of loading was 0.067 Hz. Measurements of all of the 
imstrumems were recorded at selected imervils umng a computer-comrolied data acquisition system The 
same procedure was used in loading the isolated single prle 

As expected, the group as a whole was observed to deflect sigmficantly more than the isolated single 
pele when loaded to a sxmilar average load per ple An examimation of the patiern of load drstmbution to 
the prles indicated that the pile response was Closely related to row position withen the group. the piles in 
the from row were significantly stiffer than the piles im trailing rows No distinct patiern emerged regard 
img the effect of position within a given row 

The general load deflection response of the group ts illustrated nm Figure $§ Detailed results were 
summarized (Brown, et al ) and preserted mm some detail in Mornson and Reese (1986) Analyses of the 
test results allowed the following conchumons to he developed 

| The deflection of the piles in the cxapermmental group was sgmificantly greater than that of a single 

prle under a load equal to the average load per pric 

2 The reduced efficiency of the group under lateral load was due principally to the effect of “whad- 

owing” P*les in the trailing rows had a greatly reduced soul resistance because of the influence 
of the the leading row The soul resistance of the piles im the leading row was only slightly 
re clow that of the molated single pile 


Figure | — Pres of Pietend | md os fie Mer tine tor the Single Fite emt thr the (ormmp by Bow Poeun 
(0 tip © 448 GN) Te. © 24 eee. 


1 Bendsng momerns of the prics om the leading row were very eemeilar to thoae for the rmcdaiod engic 
pale under the same load per pele The masemum hendeng mamerms om the trashing row pres 
occurred at a greater depth and were larger for a grven lateral load om those poles. however, 
hecawse the load on the growp was Gretritaned om greater proportam to the peles mm the leadeng row 
the matimum bending marneras for a grven load on the growp acowrred m the leading row pries 
4 Cyctsc loading in two Grrections had a relatrvely email effect om pale reapomme relatrve to sermlar 
tests conducted im clays Some softerwng of the reapomee of the peles mm the group «as ctmerved a 
large loads (approactung pile fabure) almost no effect occurred at small loads 
Sogreficarn densification occurred m the sand due to two way cycix loading. and may caplann the 
relatrvely small loss of scx! resistamoe due to cyclin loadeng hts prohable that one derectiomal 
cych« loading would have produced greater lows of sow! resrtance and less denerfi ation These 
otmervations underscore the maportance of load history on the hehawior of laterally loaded prics 
mm sand 
6 The key to demgn of pele groups for lateral loadeng appear to he the developeners of rational 
methads for predicting the lows of soe! resrstance im ples withen trashing rows The loss of sow! 
resestance mm the pries of the leadeng row is less sgreficare A comvermert way of expressing the 
loss mm sod resistance due to group effect 1s with the use of ap mulupher a comstara used to 
madify py curves for an isolated sengle pele The results reponed herern showld fe useful on 
developeng methads for predicting p multephers and provide demgners wrth data for developeng 
judgment 
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The commracher operatic and marnenawe of cel and gas producto faceheers om homele Creer 
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Fron previa wort om Ses perryrt « eas Geiermined tha a waeful comperhenerve ateme for the 
pratx a rehatwliry anal vess of compare offatowe atractures dacs mee cart and 1 unbiaety io he devel 
oped m Ge forraeeatie Suture (Pe the other turd placionm mehiatelery can be eflectrvely ertianoed 
teough enprowed tnowindge of varens aqnects of aractural lnademg reapemer ad resume and of 
UROP Tae aoaen cated” ere ee 

bn Ge perind 1986 (ORE wort was comnpieiad on Oe fofiowimg togece te cffect of second order 
fewiinea! mete terms om Ge eatemation of hyGradynarmn Gampeng foros om vertical Cylinders m eave 
flew (Cant 1907 Cet and Semen 1988) the effect on offshore platform reaper of wong + arc 
vermens of the Morac equanar currertly cmpteyed mm acean engmmermng practior  Vcletacs ard cmt me 
1986) and Qe experwnercal wdereficanen of actual Cynamn reanemear characwervenc: of larpe err cures 
(€ g temmem leg phaciorms) hy pudee proteng and decomvotutem (Caranso and Sem | 9RE) In addon 
research was eemamed om the anpication of recere reeults of gatrstx al Ceo) to the este atom of exrrom: 
Chemamcliogy al everes ant om Ge pemermally emportare inpix acme of Grease reeetts flow the extematicn of 
flattorm rehatwhety Research eas alse mmimed on nomimear platiorm dynamics protic: mmvoty ine 
cornpie: and preemmally Cangerows behave eu hudeng suffarmor reacmance: and Chact matics 

tn the beyreme address to he 1979 BOSS Conference Se James | agtetull poemed ow the ateenoe of 
a second order terme of prmermial ong from the Monson descoripmicm of the hydredynarmn force om a 
vertical cytender Ties terme: dur to te nordenear wmeraction heteren te foe velacey and its henson 
tal gradeera | agtetell suggested the fashure wo mctude that term om the Morscn equacicm could reeul im 
mmoorrec! extemates of the Pydradynammn Gampeng foro parboularty for low values of the Kewlegan 
( arperaer muri 

tn view of the eraermial role played by bydendynamn dampeng am commroteng dynam ampli arc 
of tension leg platiorm® momen due io end inads « was of emerest to examine the effect of the | igtehe!! 
term quarenatvely hws eas dere by deriving the cupreemon for thes term mm te cane of fire water 
depths ard by analy ring measurcmere: otnamed m penead« wave Mow a the Naval Civil Engrneenng 
Labermory and m random eave Mow a the Detf Hydrauhes Lahormory (Cant 198) Cook and Sema 
1988) The results of the analyert showed comctuervely that for teh the pered< and ooo wave 
conditions the addenem of the | ogtete!l term did new unprove the Mormcm equation eere fx aril) and ha! 
no mgreficars effect om the extematiom of the Grag force mctuding the Grag force correapemding to very 
low Kewlegan Carperner nurmhers 

As an example Gwe seed benes om Figures | and ) repeesete the measerod bydradynarmn forces doer to 
pereada waves with Reulegan ( arperecr number KC =-44) The « abowlaed forces hased am the Marron 
equanem and on the Morsem equation eth the addition of the | ogtutell term as chown hy the meerrupecd 
tines and te Giffererces between measured and cak ulated forces es deren by dash dew brnes brs seen 
that these Gifferemoes do men Change peroepeitty as a result of the omc hemeam of the | igtehel! term 

Voletses and others (1984) preserned a commparscn of and an emprovemert over Curren tec hrqucs 
for taking Qhe relative Musd etrac ture maton mo acorn when estemating bydradynamn forces on 
cytender: Th: study mctuded compretenerve parametrx studies of the matimum platform rreaponac 
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Figure 1 — Force Time Histories as Measured and m Madeled by Morison Fquation 
Kewlegan-Carpenter Nember K( -441 
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Figure 2 — Force Time Histories as Measured and as Modeied by Morison | quation with Lighthill ( orrection. 
Kewlegan ( arpenter Numbe: KC -4 41 


induced by several combinations of a simulated wave train and a constamt-velocity current. It was shown 
that the accuracy of the approximate techniques being investigated oc pends significantly upon the 
relative magnitudes of the drag and inertia components of the wave loading. 

These procedures may lead to substantial errors for structures for which the drag component of the 
exciting force is dominant and for which the fundamental natural frequency of vibration is substantially 


higher than the dominant frequency of the wave loading An approximation was proposed for the 
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hydrodynamic modal damping factors of muln~<degree-of-freedom sysiems, wach can be useful for 
eguivalem linearization tcchmigues are shown im Figure 3. 
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Figure } — Response Spectra for Systems Subjected to Wave | oading 


For innovative structures such as compliant platforms, analytical tools may not be sufficient for 
obtaining dependable information on actual dynamic behavior, and expenmental information obtained 
under service conditions may have to be ottained. Such information may be used for validating results of 
analytical modeling. as input data in active control systems, and to monitor b.: integrity of the structure 
and the evolution of its dynamic properties in time In principle the identification of the dynamic proper. 
ties of the structure can be achieved by exciting the structure with a pulse, measuring the response, and 


ottaining the dynamic Green's function of imterest from the measured response and the known pulse 
shape 

Once the Green's function, which can be regarded as the dynamic signature of the structure, 1s 
known, the corresponding dynamic behavior is fully defined While this procedure is simple in principle, 
in practice considerable difficulies may arise owing to the unavoidable presence of measurement norse 
in the response data. The invirse problem of ottaining the dynamic Green's function from the response 
is mathematically ill posed, that is, cven minute noise levels in the response Can result in cnormous 
errors in the Green's function being sought. An example of such errors is shown in Figure 4, which 
represents the direct reconstruction, from response data comtamminated by 0.5% noise, of the Green's 
function for a simply supported beam. The corresponding exact Green's function is shown in Figure § 
The errors inherent in the direct reconstruction are seen to be unacceptably large To obtain useful 
estimates of dynamic Green's functions from notsy response measurements it is necessary to regulanzc 
the calculation procedure by filtering out high frequencies in a mathematically appropnate manner A 
regularized, as opposed '< direct, reconstruction of the dynamic Green's function from the noisy re- 
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sponse Gata that yickded Figure 4 is shown m Figure 6. it ts seen that the regulanzed reconstruction is an 

excellemt approximabon to the exact Green's funcuon of Figure $. The mathematical and computabonal 

work that forms the basis of the procedure applied to obtain regularized reconsirucnons 1s summarized im 
(Carasso and Simiu, 1988), which also comains a number of iDustrative applications 
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Figure 4 — Direct Reconstruction of Dynami Green's Fenction 
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Figure § — Exact Dynamic Green's Function. 
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Figure 6 — Regularization Reconstruction of Dynamic Green's Function 


There are indications that current probabilistic models for describing extreme climatological events 
(e.g, extreme winds or extreme waves) may be unrealistic, and that reliability calculations based on such 
models might yield utterly misleading results This statement is based on recent work which lends 
support to the hypothesis that, for various extreme climatological events, the probability of cxceedance 
of certain thresholds is nil. Rather than being finite, as 1s imphcit in the Current assumpuion that the 
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probability distributions of imicrest have infinite upper tails. The project is curremily engaged in an 
exploratory effon aimed at testing this hypothesis. The approach 1s methodologically samilar to that 
Gescribed in (Simiu and Scanian, 1986), and is based on recent Gewelopments im extreme value theory 
(Smith, 1985). The approach is based on comparisons between the analysis of extreme data measured ai 
a large number of locations, on one hand, and of synthetic extreme data obtained by Monte Carlo simula- 
tion from the distribupons being tested. The results of tus investigavon could strongly influence the 
evolution of structural reliability theory as applied to offshore structures and other structures designed for 
extreme Climatological events. 

ht has recently been shown that compliant structures can exhibst compicx and potentially dangerous 
dynamics involving subharmonic resonance and chaotic behavior (Thompson and Stewart, 1987). These 
phenomena arise when the sysicm is nonlinear, as is the case for compliant structures, particularly near 
their limit states. Nonlinear sysicms can have mulupie sicady states dependent on the imitial condmons of 
the motion. Unless these multiple statics and their respective sects of imutial condipons are known to the 
analyst should also be aware of circumstances in which dynamic motions may cxhibst sensitivity to 
initial conditions, leading to divergence of solution: with adjacent initial starts, and the consequent 
unpredictability of future behavior that characterizes chaouc behavior. 


References 


Cook, G.R. (1987), The Lighthill Correction to the Morison Equation, Ph.D. Dissertationsubmitied to the 
Johns Hopkins University, Baltimore, Maryland. 


Cook, G.R., and Simiu, E. (1988), “Hydrodynamic Forces on Vertical Cylinders and the Lighthill 
Correction,” submitted to Ocean Engineering. 


Veletsos, A.S., Prasad, A.M., and Hahn, G. (1986), Fluid-Structure Interaction Effects for Offshore 
Structure, NBS-GCR -86-519, National Bureau of Standards, Gaithersburg, MD, December. 


Carasso, A.S., and Simiu, E. (1988), “Dynamic Characterization of Structures by Pulse Probing and 
Deconvolution,” Paper 88-2230, AIAA/ASME/ASCE/AHS 29th Structures, Structural Dynamics, and 
Materials Conference, Williamsburg, VA, April 18-20. 


Smith, R.L. (1985), “Estimating the Tails of Probability Distributions,” Annals of Statistics, Vol. 15, 
1174-1207. 


Simiu, E., and Scanian, R.H. (1986), Wind Effects on Structures, Second Edition, Wiley- Interscience, 
New York. 


Thompson, J.M.T., and Stewart, H.B. (1987), Nonlinear Dynamics and Chaos, John Wiley and Sons, 
New York. 


Seafloor Seismic Data Study 


Principal Investigator. Gerard E. Siecfe 
Sandia National Lzboratones 
Albuquerque, NM 87185 


Objective: To design, develop, imstall, and monitor seafloor seismic stations and to analyze 
seafloor motion records to provide a seismic Characterization of offshore oil and gas 
leasing repons 


A significam consideration in the design of offshore structures is their response to environmental 
stimuli. Information regarding climatic and oceanographic environmental stimuli for most offshore arcas 
is extensive. These have yielded a solid foundation on which to base structural design to meet the threats 
of storm winds, waves, and ice flows. In regions such as offshore southern California and offshore 
Alaska, an equally important environmental stimulus is the seismic vibrations induced by local carth- 
quakes. Data on the response of seafloor sediments to carthquake-induced seismicity has been scarce, 
thereby introducing significant uncertainty into the scismic-hazards aspect of offshore structural design. 
To reduce this uncertainty a program was undertaken to develop and implement instrumentation to 
measure seafloor seismic motions. The result of this program has been the offshore recording of several 
significamt earthquakes. Two of the carthquakes recorded by the subsea’s instrument were simultanc- 
ously recorded by on-shore instruments, and by instruments located on a nearby offshore oi! platform. 
Thus, some of the problems associated with the design of offshore carthquake-resistant structures can 
now be addressed with supporting data. 

The Seafloor Earthquake Measurement System (SEMS) consists of two subsystems, a seafloor 
package and a shipboard unit as illustrated in Figure 1. The seafloor package captures and records 
seismic activity, and transfers the data on-command to the shipboard subsystem via an underwaicr 


telemetry system. The shipboard unit records the telemetered digital data on magnetic media. 


THE SEMS CONCEPT 


Figure | — Iustration of Seafoor Farthquake Measurement System (SEMS) ( oncept. 
SEMS Incorporates Both Long Term Data Recording and Data Telemetry. 
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Situated on the seafloor is the seismic instrumentation package The seafloor electronics package. 
referred to as the DAta Gathering System (DAGS), is connected to a scismic probe which is embedded in 
the seafloor sediments. The probe consists of three accelerometers, configured tni-axially, to record the 
seismic motions, and a two axis magnetometer to Gctermine the absolute onentation of the acoclerome- 
ters. DAGS consists of a microcomputer controller, a data acquisition imicrface, volatile Random Access 
Memory (RAM), permanent non-volatile bubble memory, an acoustic telemetry system, and a baticry 
power pack. The major attributes of the DAGS include a low power consumption for extended sysiem 
life, a broad seismic dynamic range-sensing capability, an cfficiemt use of limited digital data storage 
Capacity, and a remote interrogation of the system from the surface. Low power consumption is 
achieved by use of CMOS technology and other low power components wherever possibic. The non- 
volatile magnetic bubble memory is used for long-term data storage and is only activated when signifi- 
cam earthquake events are detected. This bubble memory device has the advantage that it can be de- 
energized for long periods of time without loss or degradation of stored data. 

The SEMS uses low power accelerometers which are capable of measuring acceicration levels from 
0.05 milli-G's to 10 G's over frequencies ranging from 0.2 Hz to 20 Hz. Each accelerometer signal is 
digitized at a 100 Hz rate by a high-precision data acquisition subsystem. The digital accelerometer data 
is placed imto volatile RAM and analyzed by the microprocessor. The DAGS incorporates carthquake 
evemt detection through the use of pre-tnigger RAM buffering. The RAM is used to hold data while a 
determination is made whether these data should be saved or discarded. Shori-term and long-term 
running averages are calculated and used to define the strength of seismic activity. If the system declares 
that the current data correspond to an carthquake event, then the data are stored in the bubble memory. 
Allocation of the bubble memory is based on a hicrarchal scheme which retains only the most significam 
seismic events. 

Communication with the seafloor package is accomplished with the use of an acoustic telemetry data 
link. The DAGS can be controlled from a surface computer, thus allowing data retrieval, diagnostic 
analysis, and variability in operating parameters. The surface instrumentation consists of acoustic trans- 
mitting and receiving circuitry, referred to as Buoy Repeater System (Bres), and a controlling IBM PC 
compatible computer. The PC serves as a user-friendly interface and allows direct communication with 
the seafloor instrumentation package. Additionally, data retrieved from DAGS is stored on floppy disks, 


and the carthquake data can be analyzed and graphically viewed on-board the ship during the interroga- 
tion. 


The SEMS project was established in 1977 upon which a two-year effon was begun to develop 
prototype hardware. During 1979 and 1980, four prototype units were placed in the Santa Barbara Chan- 
nel, offshore California reported in Ryerson (1981). These prototypes were designed primarily to 
respond to the frequent small local earthquakes typical of the Channel and had a one year life. These 
prototype units recorded at least 8 local earthquake events. In addition, the Santa Barbara Island Earth- 
quake of 4 September 1981, a magnitude 5.9 on the Richter scale carthquake, was simultancously 
recorded by two SEMS units. One of the SEMS units was situated under 165 fi of water, 85 km from the 
earthquake epicenter. The second recording unit was situated on-shore, 98 km from the epicenter. The 
recording of the same event both on-shore and offshore represented a unique data set at that time. 

Between 1982 and 1984, the SEMS system was upgraded to serve as a long-term seismic station for 
offshore Alaska. A second generation prototype system was developed, and was deployed as a demon- 
stration system offshore Long Beach, California in 1985 detailed in Hickerson and Lopez (1987). This 
system was designed to respond primarily to strong motion earthquakes, and had a 2.5 year life. This 
system recorded two significam carthquakes during the month of July, 1986 [Slecfe and Engi (1987)). 
The earthquakes recorded were the 8 July North Palm Springs Earthquake and the 13 July Oceanside 
Earthquake. The carthquake epiceniers and the SEMS location are illustrated in Figure 2. Located about 
2 km south of the Long Beach SEMS site is the instrumented Shell Platform Burcka, Husid, ct al. (1985), 
which also recorded the July 1986 earthquakes. Sandia has acquired the mudline-level platform accel. 
eration records and compared these records with SEMS records and data obtained from on-shore seismo- 
graphic networks, Huang (1986) and Porcella (1987). 
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M\gure 2 — Map of Southern ( alifornia Showing | ax ation of Two barthquakes Indi sted by Triangles Rev orded by 
SEMS The Magnitude, Time of Occurrence, Depth of Focus, and ( sordinates Are Indicated for Fact 
Farthquake F vent The | aration of SE MS and the Orientation of Ite andy Accelerometers Are Alen 
Indic ated 


¢ The vertical component of acceleration observed at both the SEMS' site (ic free-field seafloor 
motion) and on the platform legs is sigrificantly differert than the corresponding vertical compo 
nents of acceleration observed on-shore A statistical analysts has shown that the offshore peak 
vertical accelerations are an order of magrutude weaker than the corresponding on shore 
measurements. 

¢ It appears that the peak horizontal components of acceleration observed at the SEMS site and by the 
platform legs are comparabie to the corresponding on shore measuremerts Addrvonal earthquake 
data ottained from future carthquakes will be required to esther confirm this observation or poet owl 
the subtle differences between on-shore and offshore hon zontal accelerations 

¢ While both SEMS and on-shore records have fairly broadhand response spectra, the platform data 
indicates a fairly narrow-band response spectra The narrow band nature of the platform data ts due 
to the excitation of the platform's resonant modes 

The above conclusions have importamt implications for the design of offshore structures ht ts clear 
that the design process for offshore structures will greatly benefit from earthquake data ottamed 
offshore. 

The present goals of the SEMS program are (1) to verify, or if necessary, modify, existing models for 
predicting the response of saturated sediments to carthquake induced serermcity, and (2) to deploy therd 
generation offshore seismic stations Sediment response prediction madeling ts generally hased on ane of 
three methods | Analytical Approach With thus method, ground monons are computed by werng ana 
lytical mot’; The models involved would generally include sowrce mecharmem modeling. wave prope 


gamon modeling. and sul reqnomse madcling. 2 Esperical Approach Wath Ous method, scewmmic prodic- 
uoms are made based on pervious obacrvauans of recorded ground momon The cmpencal approach ts 
usually based on a rogresmom analyses etach can emcdude parameters for sowrce mochateem and sod 
types. or 3 Combuned Analyncal and Empurwcal Approach Woh tus method, te bes aspects of the 
amabyocal and empencal approaches are combuncd 

Sandia will wmvesngaie cach of the shove madecling methadologacs Work on the amalyncal approach 
ts beung performed m caqneraman wath rescarch on goung a the Scripps Occanograptac imattuic, Nog. 
ammi (1988) Madeleng approach } wll be commdered upon the campiction of studacs mrvolving ap 
proaches | and 2 

Sandia 5 peeseraly actrve om the Gemgn of a Gerd generason offshore scrum station. referred to as 
SEMS fl SEMS [Ti is an clectromecs upgrade of SEMS fl The SEMS [ll clectromics are Gemgned to 
serve a3 a general purpose scremac station for empiemertanon offshore teh Califorma and Alaska To be 
of practical wae, @ needs to he semeetrve to both Gee relatrvely email earthquakes oteerved off the coast of 
Caisforma, and thee mronmg mations typacal of offuhore Alaska In order to semec wna! carthquakes two 
features are necemsary low nowse levels. and tegh garn Low nome aneranon 1s ottamed by hoth on hoard 
hardware fikering and real ume software dignal fihermg High gam operation is erhanced by tnggenng 
off of the horwvorsal accelerometers rather than the vertcal accelerometer The of fuhore horizortal 
mopons are an order of magrutude stronger than the verpcal mowom The difficulty with a honzortal 
COMponert trigger 1s that vertical p wave mowoms can accer mamy seconds before the horizortal motions 
begin Extenerve pre tngger buffering 1s moorporated mm the system so that the vertical p wave arnval 
can te recorded if the symiem tnggers on the horizortally polarized shear wave Addmomal features of 
SEMS Ill wctude a 6 7 year operational fe and advanced diagnosncs and calibrators during mmerroga 
noms An extenerve research effon will he requered to develop an unmanned deployment tec treque 
sunatic for deep. rough waters Deploymer: technologies hemg comexiered imctude prohe emplacement 
te a vibrocoring Gril and compiere system emplacement by a hoat launched seahed penetration 

The tended snes for SEMS [Tl offshore Calsforma are indicated im Figure 3 The fira deploymern 
ene  offuhore Long Beach near Shel platforms etule the second deploymern ene is offuhore Pow 
Argueo near Urmom Ou of Califorma platforms Also mdhcated im Figure 31s the location and magr 
tudes of detected earthquakes over a SO year penad SEMS Ill calowlated semestrvity to earthquakes 1 
indicated by corcles around the SEMS ene ht is seen from Figure } that SEMS will he capable of acce 
rately measuring all earthquakes of magretude 40 or greamer withen a 40 km radrus of a SEMS one 
Based on the setemn hraory near the SEMS snes there i a tegh prohatelty that the deployed SEMS 
utets will record several of these smaller earthquakes during the bifeteme An addrtiomal feature of the 
offshore Calforma SEMS urwts ts that they form a sersm array for maderate to large earthquakes 
Specifically the two urets will he Capatile of semultaneously recordyng earthquakes of magnitude 4 7 oF 
larger m the Sarna Barhara Channel Earthquakes of magretude $0 or greater m the Los Angeles Basen 
and on portions of the San Andreas F awl will also he semuhancously recorded by the two SEMS urwts 
The large amourn of daa collected by SEMS Ill will provide rr abuatile offuhore severe emform ation 

Sandia National Lahoraiones 1s evolved m the offuhore measurement of carthquake mmduced seremic 
monons Several proaetype urwts have heen deployed off of Calforma and have resulted om unique 
offwhore seremx data These data are trrvabuatile to demgner of offshore structures and to governmern 
agemeres that regulate those srructeres 

ht ts estemated that between 10% and 0% of the LS arctn ol reserves are eetuated mm the southern 
Bering Sea tn order to extract these reserves offshore platforms must he demgned etich can withaand 
the frequern. large earthquakes that are charactertatx of that area Due to sigrficare geology differences, 
sereme data ottamned offshore Calforma may net he relevare to offshore Alaska Meroe. ff is necessary 
to acquire offuhowe sewn data for Alaska mm order to ad mm the evertual developer: of offshore 
Alaska energy rescuroes Sancha « lomg term goals are to deploy an array of seven static om the 
Southern Bering and Alewtian region Mickersam (1984) Such an array will anewer marry of the uncer 
tarmmes regarding the earthquake reerstary demgn of offshore structures 


SEMS III SENSITIVITY TO EARTHQUAKES 


Figure } — Map of Southern ( alifornia Showing Setemicity During 80 Vear Period 1912 1982 Also Shown are Future 
Locations for Two SEMS Sites. The Circies Indicate the Distance From SEMS Site That an Farthquake of « 


(-iven Magnitude can be Detected by SEMS 
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Wind Induced Oncllation Damage 


Principal levestigator =D. Owen M GOniffin 
Cerner for Plnd/Structure bracracnom 
Naval Research Labormiory 


Waiting, D.C 
Otyectrve To assess wind méuced oscllaion Gamage to offshore platiorms under tow 


Many sructural and ervrormnersal faciom complicate amy amalyen of a syaem such as an offwhore 
platform These factors imcbude varnabile relatrve wind speed. derectiom and duration. member configura 
non end comémnons and mass properties and vanavors im iow speed and comdmarn Due to hoch teme 
and ccomomx Comstramts. scmme atiemmrt af a fire order deiermirustac amalysrs 1s the only viable approach 
for a prelemimary Gamage assesemers More compix ated time and/or frequency domann analyses to 
accowrs for the nam resonart or random nature of the vibranom and a fine clemera analyers of the 
Structure 's natural frequencacs may be mquired to fully satefy the progect 1 long term ecomomnx and 
Operational otyectives 

Even when the random, vornies induced strumming whravons of a long acean cable are commdered. 
as by Kam ct al (1984, 1985) for example. the knowledge gained from firw order determerestx analyses 
has provided indhapensabie pusdarce 

Vortes induced vibrations signeficartly mcrease tee micady drag force om a meer. tubular or other 
sumilar member Increases in Grag coefficsers of up to 290 percers for a structure m water are common 
and well documered (Griffin, 198$), even for relatrvely long meer and cable segmeres whnch vibrme ma 
Girection normal to a uniform currert (Onffin and Vandrver, 1981) hts known however, that the drag is 
Gependers G:rectly upon the local vibration amplitude along the w@ructwre so that the mcreaned drag is 
reduced somewhat when the flow is net spatially ureform and the vihranons are nom rescmare or random 
(Kien, 1984) 

Vortes induced vibrations of a cylindrical member mm ar are reduced from the comparatile levels 
reached in water by as much as a factor of ten (Oriffin, 1984, Semiw and Scanlan 1986) The reduced 
level of the vibrations ts accomplished by a semdar reduction m the Grag due to vores shedding = Typacal 
measurements of the amplitude of Graplacemers normal to an modern flow of ar are shown im Figure | 
The predicted lime shown im the figure was calowlated werng an equation developed in a previows MMS 
sponsored rept (Griffin, 1985) 
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Pamgee 6 af meportas comaderapon mm both aw and waicr when the voncs induced witraam accur 
@ Qe respectve ampinades of Guplacemers m both modia ower a sutamed ume pemad These umacady 
fangee streeecs are superimposed Grectly on Ge mcrcascd mean wreescs Caueed by Oe micady acrody 
nammac of bry@rogynammac Grag forces on Gee member Thus the (amadatee eficcs of Oe meaty and 
wamlicady stresses must be comsadered im ary asacewmere of Gamage as om Gee percscte Cane where relatrve 
wind-«nduced vorics shodding 5 bikely to be am emportars face =A reetagatng factor @f he presets me 
1s Chat such am asecsemers ss restncied to Geaermerestx methods etuch tend to he somewhat commer atrve 

Vanous meam for reducing and/or clamenating vornics enduced vibranam (VIV) have heen developed 
im recera years Extenerve Grcusmom of vibration suppreswon periment to manne engpmeenng appiica 
tions have been given by Hafen and Moggi (1977), Every, King and Griffin (1982), and Gardner and 
Cotte (1982). ht generally has been found Gut mass and damping comerol is ineflective im water, wo that 
some type of cxim nal device fimed ahow the mom/‘acr ms roguered: 
Corerol of the mass and Gampeng of the struct sre 1s an effectrve measure for suppecemng vores 
induced vibranons im an (Z4raviovich 1984) However, external devices such as the hebcal mrake 
winding often are used im ait Suppresmon of the vores induced wihrapons was net feasible m the case of 
a recern platform because of the compleasty of the jacket structure and. more mmportartly, becawse the 
protiems encourtered during the trans Pacific tow and offuhore demurrage penods apparerely were not 
amapamed beforehand 

An assessment using the approach developed for thes study can he made to determine the bkelshond 
that relatrve wind induced vores shedding was the cause of vibrator wtach damaged the platform 
members Thus analysis mcludes the effects of vores lack om and relatrve wind magretude and drrection, 
the expected amplitudes of Graplacemera. the expected levels of the mean acrodynarmn forces om the 
member, and. briefly, fatigue effects Information periasmng to a particular platform configuration and 
the Gemensions and properties of the structural members under comederation i grven im Table | 


Tete 1 Of here Jacket Patton Damage Sanemment Pre time: Sem tere! [emenstonms mind Par wimete rs 


Leseth, L © 90 ft 
Dieweter, OO = M ta. 
Well thietwess, € © O. 875 ta. 
Structeral sess, @ = 300 ib, /ft 
Strecterel deaping 

(leg decrement), ¢ = 0.01 


The assumption: wtech apply to an analysers of wind induced vibrations are that the platform legs and 
braces are madetied as long. slender cylindncal member dormenated by etiffness (temmoan low structural 
stiffness mos! emporiant) structural mass praperties are ureform lengtirwise along the member and are 
well defined. the relative wind magritude and direction are slowly varying only the Mow compomern 
normal to the member ts emportar in caceteng the vibration: a subcritical Reynolds number (Re < 107) 
devgn Gata ard methods can he employed wrth same camfidence The Reynolds nureher corre anemdrng 
to the platform demurrage condom was approumaicly Re ~ 10) bet amy appli athe data are very 
scarce at such a tegh value of Re These have proven to he reascmatie ansumpmons under most circum 
sanwes for the analysers of problems semilar to the present ome 

The natural frequercses of the members can he cstemated to « reasonable fire approsematon by 
commdering them to he stiffness dammated « ylendncal teams * fee neglocts the mmerdcpendonme of the 


3 


subehemerns of Oe overall mructure. hut has prowen to te a rrascmatiic fort agpeouematicm The 
froguences of the fir mn natura mades are grven by 


coy [BS acne 


where Be Young's Modulus, B/ fr’. 
le moment of meria f* 
m= sarutural mans Ib /ft. 
6° proportionality comma, 322 B_ fib, sec’ 


There are no added mass effects on the man natural froquemcocs The natural frequences can he cake 
laned mm a ermgteforward manner and are lisied m Tidie 2 
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Thws first order approumation to estemating the natural frequencies has proven to he sufficseraly ac 
curme The first made natural frequencies of the memher om question were fownd to he mm the range 
feiSw2 it 

Vortes lack am and resonant, crossflow vores induced vibrations take place im ar when the reduced 
velocity V_« V/_D is im Ge range V_ = 4.5 to 7.5, for a member of circular cross-section. This is some 
what narrower than the comparatic range im water, whch  V = 40 1! The relative wind apeeds im the 
range of vores resonance can he estemated from the relaion 


Vv... Vo @ 45.75 0D) fee. 


wtech represents the normal or eacrting componert of the relatrve flow The tal relatrve werd apeed 


range 1s given by 
V,..¥, = ¥_.¥, os @", 


where, im the presers case. q+ 45° The sutecripts | and 2 reapectively demote the lower and upper wind 
epeed temas of the resonarwe 

The fira five natural frequern-- are bested m Tatile 2 for both penned and clamped ond comdinorn. 
together with the predicted range of rei atrve wend peed: (norma! amponert only) etech correaperd to 
vortes resonance Only the «° id qpeeds perionerd to the firm twee mades are grven. seme tegher aneeds 
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are peciwity of mo prachcal comanguemoe The wery taghes rclatwe peed: would te atlamed oly wfien 
Qe platform em under low emo a mrorg wcady wend for am cuiended me pened (ho assumed here 
tht Ge we greed mogtt be $ to 10 bt) The weal eclatrwe wand pends few Gee fire Gece mades are 
paomed om Figure 2 Assuming Gut Ge tru natural froguctuacs of Ox Cylindrical members bec om Gee range 
hetweorn Grose anpeonemaind ty pemmed and lame ond comémicm om may capect that vorics emduced 
viteamor im Oe fra made are mow Machy to be cnoowtncred m te nened range of priatrve wind sneeds 
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Figure 2 — Predarted Noter el Frequem ies end Brian + Vind Speeds (hoor Whi h Vertes Unedding Indian od 
\ Per or ome Chere 


For the particular platforms comextered, the winds at the offshore ome were im the range of 4 to 7 on 
the Beaufort scale This translates to a witri apeed range of 15 to 40 kt. which is similar to the range 
plomed mm Figure 2 However these winds were otmerved over cuended time imervals at the platform 
imtallanon ene when the platform was harge mowrted and statomary in the water The observed vortices 
induced \ibranons also were dependers upon the wend derection relatrve to the mombhen efech cape 
enced damage This directional effect is a result of the yaw angle dependence of the vibranorms Ai the 
larger yaw angles. greater than “0 to 40 degrees fram normal moadence. the vibravoms become less 
regular and are much reduced m i vel due to the erregulanty and complenmy of the vores shedding The 
behavior was im fact oteerved at the sme 

Typacal measured and predicted im a amplnudes of draplacemert due to vories shedding fora 
member of cylindrical cross-section are shown mm Figure | The horizorsal scale ts the wo called “re 
duced Gamping” parameter (Oriffin, 1985, Every, King and Onriffin, 1982) 
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and again. m ts Ge @ructural mars demety (per uret length) and D is the cylender diameter as defined 


previcwsl y 
An eatumate was made of b for the platform memher: hased an the properties and demenmcrs that 


were availatie The extmated lng dec emer of the structural dampeng for the member: m questican. 
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was 6 = 0.01. Thus the reduced damping k_ is of the order k= 10 or less, and reference to Figure | then 
gives a crossflow displacement amplitude of Y = 2 0.3D o” somewhat greater, depending on the actual 

value of the structural damping. Visual observations of S«< vibrations of the damaged X-frame platform 
members estimated the amplitudes of oscillation to be of the onder of 2 1D and to be im the general form 
of breathing or crossflow oscillapons normal to the pla x of the X-frame when the relative onentations 

of the barge-moumied platform and the incidemt wind were aligned im the appropriate manmer. These are 
precisely the voricx-induced vibrations which are likely to cause the mos severe probicms. 

Thus a is likely that sustained, large-amplitude vitwations duc to wind-induced voricx shedding were 
presem and of sufficem durapon at the offshore mstal! ation site 10 Cause the observed damage to the 
platform members. 

The expected amplitudes of displacement are sufficient to Cause appreciable amplification of the 
acrodynamic drag on the cylindrical members. ht is at the higher amplitudes of displacemem which 
sometimes are encountered in air, as seen in Figure |, and which are common in water thal amplifica- 
tions of the force levels well beyond those of an effectively stationary bluff object are encountered. The 
drag cocfficiem for the platform members is likely to be in the range C, = 1.3 to 1.6 af the expected 
displacement amplitudes, which is an appreciable amplification from the drag (C, = 1.0 to 1.2) ona 
cylindrical member that is restrained from oscillating. 

The prediction of fatigue life is a complex problem and is not very well undermood for structural 
members such as those under consideration here. The fatigue of a member undergoing bending is 
difficult to predict, but it is generally recognized that stecl has a stress endurance limit which limits the 
safe survival time of a member. For an infinite number of beading cycles the endurance limit of stainless 
steel, for cxampie, is approximately one-half the yield sires. 

The damage to the platform was postulated to be stress-related fatigue failure, and this cause of 
damage was used to reinforce the vornicx shedding postulation. The structural properties and parameters 
of the members and the in situ wind environmem which the platform cxpenenced provide further evi- 
dence that wind-induced voriex shedding caused large amplitude vibrations of sufficient magnitude and 
duration to cause the observed fatigue failures. 
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lce-Structure Interaction 


Principal Investigators: Dr. S. Shyam Sunder 
Dr. Jerome J. Connor 
Massachusetts Institute of Technology 
Deparumera of Civil Enginecring 
Cambridge, MA 02139 


Otyective: To investigate using numerical models the mechanics of deformation and progressive failure 
in ice for the purpose of predicting global forces and local pressures generated on offshore 
structures proposed for deployment in the Arcic 


The extraction of hydrocarbon resources from the Arctic in an economical and safe manner poses 
many technical challenges to offshore engineering. At the root of these problems is the severe environ- 
mem created by perennial ice features that impart global forces and local pressures on structures that are 
several times greater than those from waves in non-Arctic environments. Typically, two levels of ice 
loading are considered for design purposes. Global ice loads govern the overall structural geometry and 
dimensions as well as the foundation design, while local ice pressures dictate wall thicknesses and local 
framing, and may govern structural cost. ht is widely recognized that significant uncertainties cxist in 
current ice load models and that some design loads may be overestimated by an order of magnitude. 
Research is necessary to quantify the uncertainties in ice loads and to develop improved load prediction 
models for the safe and economical design of structures. 

Uncertainties in existing ice load models arise primarily from five sources which include incompictc 
knowledge of the mechanical behavior of ice, including temperature and fracture effects, empincism in 
existing theoretical models resulting from the use of approximate analysis methods, inadequate modeling 
of the contact forces at the ice-structure interface, neglecting the cffect of scale/size on material strength. 
and not accounting for the finiteness of environmental and other forces driving the ice features. 

In order to quantify these uncertainties and better predict global and local ice loads, numencal 
models are necessary for computer simulation of ice-structure interaction processes. In contrast to 
analytical methods, such models can realistically simulate the interaction accounting for spatial -temroral 
variability in the mechanical behavior of ice and for multiple modes of failure in ice. This project is 
concemed with the development and application of numencal models for quamtif ying ice-structure 
imeraction processes. Three major areas of study are involved: (a) the development of generalized 
constitutive theories for characterizing deformation by flow, distributed cracking, and localized crack 
propagation in ice, (b) the development of finite clement methods of analysis to account for nonlinearly 
viscoelastic flow and smeared crack models of ice, and (c) the numerical simulation of ice-structure 
imeracvon processes for ice sheets indenting ngid cvlindrical structures. 

A key aspect in the development of constitutive models is the need for accurate and consistent 
experimertal data on ice. While currently available data is in many cases sufficient to postulate approx. 
mate constitutive models, the numerical simulations can help establish the importance of more extensive 
expenmenmtation in quantifying ice-structure interaction processes. 

Significara progress has been made in the descnption of ice deformation and failure under “break - 
out” of creep conditions, characteristic of the winter season. In particular, the problem of indentation in 
the creeping mode for wide structures in the Arctic nearshore zone has been extensively studied with 
newly developed numerical simulation models Advanced constitutive descnpvons of three dimensional 
viscoelastic flow as well as distributed and local cracking have been developed Current work is attempt. 
ing to numerically simulate the formation and propagation of cracks in viscoclastically flowing ice This 
progress is summarized in what follows 

A muhtiaxial differential flow law has been developed to model the clastic, transient, and steady Now 
in ice Flow (or creep) is modeled in terms of nonlinear deformation-rate mechanisms the first mecha. 
nism governs the transient deformation-rate (creep) which decays to zero as both an clastic back stress 


and a drag stress measure increase asymptotically, the second mechanism, which is modeled in terms of 
the well-known power law, governs the viscous deformation-raic. The evolution of the back or rest stress 
comtributes to kinematic hardening, while that of the drag stress contributes to isotropic hardening. The 
uniaxial model satisfies the dimensional requirements identified by M.F. Ashby and P. Duval, and also 
predicts the correspondence between creep and constant strain-rate response observed expenmentally by 
M. Mellor and D.M. Cole. 

The uniaxial model contains a total of six parameters that can be determined from conventional 
experimental testing methods. The model has been verified against the comprehensive creep data of T.H. 
Jacka, shown in Figure |, as well as the data of N.K. Sinha. Predictions of the ratio of transient strain to 
total strain qualitatively agree with those of Sinha’s model if grain size effects are taken into account. In 
consistency with the incompressible flow of glacicr ice, the model predicts pressure-insensitive behavior 
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Figure | — Dimensionless Strain Rate Versus Dimensionless Time for Isotropic Polycrystalline 
Ice (after Shyam Sunder and Wu 1988. A Multiaxial Differential Flow Law for 


Potycrystailine Ice, Cold Regions Science and Technology, Submitted for 
Public ation) 


At low rates of loading, ice is a purely “ductile” material and its behavior can be characterized with 
flow theory. However, as the rate of loading is increased cracks can form in ice. Under tensile loading, 
the first crack which forms propagates in an unstable manner in ice with large grain sizes and at moder- 
ate to high rates of loading. These conditions are representative of most engineering applications. Conse- 
quently, the stress at which the first crack forms defines the tensile strength of ice. On the other hand, the 
first crack which forms under compressive loading is stable and has been kinked to the yield point 
phenomenon in ice. The material can sustain additional compressive stress prior to reaching its ultimate 
strength. 


The link between first crack formation under tensile and compressive states of loading has been 
investigated. This is based on the limiting tensile strain, i.c.. the strain at which a tensile specimen fails a 
a given rate of loading. It has been shown thal under compressive loading the firs’ crack forms when the 
lateral tensile strain resulting from the Porsson effect and incompressibility condition of flow equals the 
limiting tensile strain. The predicted time to formation of the first crack in ice under compressive loading 
agrees well with the experimental data of L.W. Gold as shown in Figure 2. Consequently, it has been 
possible to establish a definite relationship between tensile strength and yield in compression. In parncu- 
lar, this suggests that for an clastic material the ratio of the tensile strength to the yicld stress in compres- 
sion must cqual the Poisson's ratio. This prediction is supported by experimental evidence on ice under 
tension-compression states of stress. Using the more general relationship to account for flow in ice, a rate 
sensitive yield/failure surface has been developed using the Drucker-Prager formulation. 
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Figure 2 — Formation of First Cracks During Uniaxial Compressive Creep Tests. 


Knowledge of tensile strength is important, but by no means sufficient to characterize the tensile 
fracture of ice. A toughness or energy measure is necessary to quantify the stress at which a pre-cxisting 
crack will propagate. Linear clastic fracture mechanics has been applied by several investigators for 
determining the fracture toughness of ice. The general testing methodology, particularly the selection of 
specimen sizes, has been borrowed from metal plasticity. However, ice is very differem from metals 
Metals are highly ductile and the plastic zone surrounding the crack tip absorbs most of the energy, 
which can be more than 1000 times the energy required for creating the new surfaces as the crack 
advances. On the other hand, ice displays both “quasi-brittle” and “creep” behavior depending on the 
temperature and rate of loading. In ideally brittle materials, c.g, glass, almost all the energy is consumed 
im creating the new surfaces with negligible energy dissipation in the “process” zone ahead of the crack 
tip. The stresses near the crack tip can approach the theoretical tensile strength of the material 


The research effon has been concerned with understanding the toughening mechanisms at high rates 
of loading and low temperatures where ice behaves as a “quasi-bnttle” matcral. In such materials, the 
process zone is localized on a plane and does not resemble the kidney shaped plastic zone of metals. The 
process zone behavior is Characterized im terms of a stress-separation relationstup. Predicuons of the 
agree with the limited experimental evidence currently available for ice. ht has been shown thal process 
zone size estimates based on the stress-separation mode! are significantly greater than those from the 
formulation used in metal plasticity or for matcrials obcying a power law of creep. Using the aress- 
separation model in conjunction with the tensile flow law and strength model, an obyective energy 
release rate criterion has been developed for numerically simulating tensile cracking i ice based on the 
blurt crack band theory. 

ice displays purely ductile, purely brittle or combined behavior depending upon the temperature and 
conditions of loading. The phenomenon of distributed cracking associated with the formation and stable 
growth of cracks governs the ductile-to-brittle transition or purcly brittle behavior of ice. The phenome- 
non, sometimes termed damage. controls the process of failure of quasi-brittle materials such as ice prior 
to localization of fracture (formation and propagation of a single, large crack). Distributed cracking 
weakens the material; under constarmt strain rate loading this contributes to “strain-softening” and under 
constam stress loading to “tertiary” creep. Consequently, the ultimate strength and post-peak response of 
ice is generally governed by damage Damage processes are particularly significarmt when the state of 
stress involves Compression. 

Research has been initiated to understand and characterize damage processes and the interaction 
mechanisms between damage and flow in ice The study is investigating the influence of confining 
pressure on damage during constarmt strain rate loading and under conventional triaxial statcs of stress. 
The application of a low to moderate level of confining pressure tends to suppress cracking, which in 
turn allows a higher shear/distortional stress to be sustained. As the confining pressure 1s further in- 
creased, the material displays pressure insensitive ductile flow, and eventually at very igh confining 
pressures, ice may undergo a change in phase or morphology This research secks to theoretically charac- 
terize the rate-sensitive evolution of damage during deformation by viscoclastic flow with the prelimi- 
nary results shown in Figure 3. 
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A firme clement method of analysis has been developed for the nonlinear wiscow Lastac and atestrognc 
behavior of sce based on a weagtsed cquilibmum-raic formulapon The rac formula’ on allows realncx 
simulapon of the spatial-temporal variatebty om the tram rate field. and no empencal Gefirenon of a 
average strain raic measure is necessary as im ice load models derived from plasticity Gheory The uo- 
tropac and kunemabcally harderung consptutrve model of flow consists of stuff Gifferermial equatices wat 
pose senous stability and effiaency lmaanonms An effocn exphot-amphot mumencal wmmicgrabon 
algorithm based on a gradbera (Newton-Raphson) techeuque has been developed wtech enabics fan 
convergence in problems where inclasnc deformanoms dominate Vanable maerface comémom between 
the ice feature and the structure can be simulated to bound the effects of mmerface bond of fnction 
Numencal smulatvon studies have been performed under plane stress comdspoms to study the sca ce 
indentation problem for wide structures under steady flow condom Creep is the prodamenarn made of 
deformation for aruficial rslamds m the Arctic nearshore region during “breakout” and/or meady mmderta 
bon condipons occurmng during winter Purther, stresses, strains and stramn rates resulting from creep are 
necessary to predict the growth and propagabon of localized and distributed cracks when rac effects 
influence fracture behavior The numerical simulations quantify the effect of (i) material madel. ic . 
isotropic versus transversely isotropic, (ti) natural variatelity im material parameters. (iti) appronemate 
versus “exact” methods of analysis and the ability of cach to model iecriace adfreeze and friction as well 
as spatial-temporal variability in the strain rate field. and (iv) grounded rubble pile or accreted soe foot 
Theoretical predictons of pressure-area curves used m the design of structural components have heen 
developed and are shown im Figure 4 
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Figure 4 — Pressure Aree ( orve 


The primary focus of current research is concerned with modeling quas) static propagation of dis 
crete tensile cracks and the developers of distributed cracking or “damage” zones under compressive 
loading The numerical model under development is a generalization of the finite clemert formulation to 
account for tensile cracks and damage zones Two of the more common approaches for studying tenerlc 
cracking are the discrete crack models whuch follow individual discrete cracks between elements and the 
smeared crack models which treat the gross (smeared) effects of cracks im an clemert The latter ap 
proach is computationally far more efficient and comvement, and lnates the need for remesteng as 
the crack advances. An added advantage is that smeared crack: 4m be extended easily to allow for 
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@ chycctve energy rehcase mee Crucmem for propagation of Gecerac tome Cracks Thess crnenom hel 
moadefy a “ome seremgi)” hese’ propagation Crucmon. etech produces results Gut may te sotmutrve 
Qe perdoula uence of » fimme clomers mesh mize. to a “Nougimess” of Conergy” based Crncnon tut 
gover Oe fracture bethevier of materials The reaulung Geoory « called Oe thurs Crack Ghoory The 
emeared Crack mode! and as warnamom the thus Crack bard Ger) © inown to prowede accuraic cm 
mames of overall material reqpomec atough Gciais of indrvidual Crack growth pation are Lnown ion 
peecesely But m appicamans etere Oe prumary ctyectrve os to peedat Ge ital inads tranemmimied hy an 
sor feature mos Ghee Cane for ce such Geials are of less omportiance 
These cract madets wall te dewelgeed and umplomerand m comyutcticm wath Oe rae sctmetrve 
muliania failure crnenom for compeessrve yeridfonmle fracture mrengith Goneraks atm of the fine 
chemers formulation for madeling Gee Geveiageners cf Gamage pores el require Ge developeners acd 
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Otyectrve = To determune Ge relaporstup between Gee ememal mructure and the mecharecal properties 
of saline 1c and. through tha work to reweal he mectarwerms comerodling mrength and 
fracture 


In view of the empedimers emposed by sea soe to the exploramon and develagpeners of mineral re 
sources mm the offshore Arctx. an capenmertal program is im progress to caplore im a tymematx manner 
the mecharucal properves of the matenal Measuremerns to date have heen made of teh urmatial tomesie 
and compressive strength and of fracture toughmess and varaties have wx huded grain size onermation 
loading and stra rmes and temperature Measuremeres are sccm to he made of the corffiaers of fracture 
of sce on ice, and the emportars variable. atress state wel) be wrerodwed once the mulnatial nading 
system arrives im the laboratory im June of tus year 

Saline ice is a composite of pure ice, pockets of brine and gas and (if below ~ 27°C) particles of sat 
its mecharecal properes. therefore. are cormrofied m part by the properties of pure we and ty the imflo 
ence of the other phases For thus reason. both saleme sce and fresh water wr are hermg mmvesngatied m 
paralle! The test materials ongimate from the lahormory and from the field Saline we from the lahore 
tory, grown under conditions etech emulate those efech accur mm nature possesses heh etructure ard 
properties typical of first-year sea ice (Kuctm, et al. 1988) 

Recern results have shown that the brite compressive strength + of we 1s determined by the gras 
size, 4. the fracture toughness, K.. and the degree. 7. to winch microcracks mmeract In addon. and 
most importantly, the strength is affected by the frictional resistance to sliding. m. of one face of a shear 


crack agarnat the other Quarmatively the relar onatup may he expressed as follows (Schulsan 1987) 


Confirming this expression are the expermmertal data in Figure | otnarned for equiased and ran 
domly onerted fresh water sce Both the large mmorease m strength woth decrease om temperature and the 
reduction +m strength with emorease im stram rate Can he quartnatively explamed m terms of the effects of 
temperature and shideng velocity on m (Schulsan 1987) 

The tensile strength of Laboratory grown columnar salene we and of firm year columnar sea woe 
harvesied m April 1983 and mn November 1984 from Prudhoe Bay has heen measured a |()( at two 
strain rates (10° and 10°s ') and mm two onertatians (trough duckness or vertical and in plane or hon 
somal) The results, Figure 2. (Kuehn et al 1988) show that at hoth rates the through ductness strength 
18 340 4 termes greater than the im plane strength and that for hath omercanoms the errength at the tegher 
rate 1s only shghtly (=2$%) greater than that a the lower rate Also the results show that the strengths of 
the laboratory grown and of the field we are essermially endrstengurshatie The last poet rs subetarn.aed 
from the results of compresman tests on the same materials and reflects the semilarity mm structure and 
salinity of the two kinds of saline ice (Kuch, et al. 1988) 

The tensile strength of pre cracked we when rapedly stramed a 10's ts corerofied by the propaga 
uion of the pre-existing cracks. provided that the cracks exceed a crimcal sive and are sharp (Schhwlacn, 
Howe and Ninon, 1988) When the cracks are shor. or when they are long het bhurned through creep de 
formation at the crack up, the strength is corerofied by the nucleation of mew cracks The critical sine. 2 
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bmpertare empiscations: of these reoults are that pre exrsteng Cracks do mew necessary weaken we that 
te thermal mecharecal teatory of a cracked wer sheet i a sgreficard factor im determeneng ms mecharnn al 
hehevier and that pores per se (etach CoOmoererate stress frac ® lees Cham cracks) Carmen he strength 
lemeting features of natural wr 

The ductile to hrette tranemon m we under compressrve lnading is frequently erpressed om terms of 
the deformanom rme Ai 10°C for intance Ge tramemion ts nened © Gcour upom rareing the straen rae 
ahove 10% Df the toe 8 confined them the tranemon aoown: a a tegher rae depending upon the comin 
mg pressure bn addetion wo rme and comfinemern however recem wort (Scohwlsan Kuehn and Ni nom 
1088) has revealed that prestrarn i emportare 

Fapermmer: were performed on gramwiar fresh eater we prepared om the lahormiory and on cobummnar 
sali waner we otnammed from heeh te field and the laboratory Cylindrical apecemens of Hoek types of sor 
were preatrained m 10°C by chorterming 19% @ 10's (\e  withen the ductile regime) Suteequertly they 
wore strained again ten a rare 2 10%s- 

in every case exc huding vertically onermed sea wr end horizornally onersed sabe (16 laboratory 
grown) we te material was ductile when re coramed # 10°: Adomeomal shorting: of 45% were 
wnpaned erthent cawemg the qnecemens to coflapse When re streamed # 10% heeh fe fresh water we 
and the horirormally omerned salene sor ooflapaed afte’ an addewmal shortenmg of sent 5% 

The reewits shore that prestrann raraes Gre stream rme coe ech the brite to Guctile tramemicn occur 
under Comprramem ard tha the effect i hemaed io meether ome type of we ner to ome omeratiom of 
cohurnnan sea Wor 

Agen an cenpiix ation of the test remedts ot Ghat the mec than« al heetery of an ce sheet may Mee 
egreficart factor when comedering ms hethevier 

Temorle teats have heer performed cm nem ted and wre hed «viene al sarepies of radon! y 
onemed petyorymaiine we of cormredied gram size (between >) and 7 } mm) @ lnading rmes of HC) Fe 
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s° and @ a temperate of 10°C be Oe moncded samples, Oe noah rot Geamener was 8% of Dee Dawe 
Gamer A mech mrengthereng effet (inc and Shuler, 1968) was cmrrved mm the large prawesd |< 
ert fracture sresacs heeng up to SOE tegher Gham for weenie’ samples of Oe samme gram wre Th 
meat srpengihereng cfiect Grmerewted a pram wer Gecreaned Gnappearing a a green wre of = ) mm 

A model has teen Grvelaged etach « Qdae Oe noch mrengthereng effet m terms of te trata 
ree Comstrats & Oe mech voce The trissial cometrante reewlts om a Change om the commrodling mex hareern 
of fracture from crack iwhabon m te monched samples crack propagation mm Oe utewacthed sampics 
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Otyectrve = To validate a Geoorrtx al wltrascea maddie! for peedicnng Gee merermum dewociatiic flew wre 
@ qecik Components 


The “treapectatelity of Toman Leg Picform TUndors” program is a malt ghia study to mvestgme 
temo leg platform (TLP) tendon demgrm and how vanow parameters afioct thee imapectateley Dunrg 
the first phase of Ge program. nom destructive evaluation (NDE) methods were evaluated for thew 
appiicatebty to m service temdon manecton 

The requiremers for imapectian was examined during Gus phace of the study from the mandpows of 
tendon Gamage tolerance utvder various loading and other wenanos The results emda aed that om rela 
trvely hermgn fangue ervirorenerns amd wrth sumatie demgrs the frequency of m place mapnctian cowl 
be very low = even heyord the smended service Infe of the structure In very sewert ereeranmerns the 
mapecton frequency cowld he less tham the service befe however im amy evere Gemgn anecefx damage 
tolerance analysis 1s requered to determene a sucatie mapecvon irmerval The analyses mdecated a dene 
atte Guedhwold for crack denectiom mm the range of 4 § mm deep (Boss et al ) 

Urerasona NDE was found to he the most viatile methad for the comdmons desig and manecton 
needs An uh ascrrc madel was developed for nom destructive evaluation om compiles peomennes The 
model was a mathematical semulation of the wltrasamc manecton depemdern upon the prometry ureter 
test for threaded commecton: im tenmcan ing platform denen 

The second phase of the study waed maternals and geometnes of raerest to expenmertally test the 
made! for predicting the acowstx renpomee from nonch defects and fangue cracks Thee program mmvest 
gmed faction that influence whrasorac mapecton defect dewectatelity art scremg mach as the material 
coatings. and marine growth Welded coupting demgn was alan commdered The correianon of neon h 
defect mgnal reapomee to fatigue Crack mgnal reapomec was also evaluated m the program Tate | bets 
the apecemens tested during tus program 

The whtrasom< made! etach was validated by thes pengram i grven by 


pin, = Ce (a) 
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Fiquation (|) was derived from Koerctihed! a:ffracmem theory Commderaticms The theereti al mete! 
acoummes that te defect is planar lying in a plane perperda wie to the wltramcee, eam areal Chat the he am 
+s larger mm Giameter than the defect | inter these Corcurmstanwes the omergy reflected fromm the defect ell 
return to the tranaducer and wil! he praportomal to the defect size Figure | Gernemerrmes thes comdeiem 
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The mace! mctudes terms for the tranamressen of ultrasound across a howndary reflection at a 
surface atiemmation over a path length and reapnmee fron a reflector hased on sowrce and reflector size 
and hear apread V abues for the terms im thes mente! Can he fowrd mm the lmeratere Krawthramer (!981) 
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The general geometrx comfiguration of mucrest for temmon leg platform demgn are shown m 
Figures 2 and 1 Figure 2 shows the Greaded commecter and Figure | tee welded comector The growth 
of famgue cracks a races of Gereads of mm te weld rome ell nea form the eempte peommetry of Figure | 
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instead, the crack and edge of the part will form a type of comer reflector. kh might be capecied Gut the 
comer trap could be modeled as a planar crack of cquivalem size to the shadowing effect of the beam as 
shown im Figure 4. in cases where the beam angie 5 not 45° and/or the fatgue crack is mot perpendicular 
to the surface the reflectivity of the comer ts alicered from that predicted by stnict geometric raytracing 
commderapon. A beam will nevertheless be returned to the tramemenung transducer. The actual mapecnon 
of the temmon leg connector therefore differs from the theorencal model m terms of the ultrasomc beam 
and onerzapon to the écfect 
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Figure 2 — Threaded ( onmecter biampie of Tenwon 
Leg Tendons Witt F etigue Crack ot Reot 
of Thread Figure } — Wetded Connector Exampte of Tension Leg 

Tendon With Fatigue Crack te the Heat 
Aflected Lome of Weis. 


For actual imepectioms, transverse waves are preferred Studies show that longitudimal waves tcnd to 
have a lower response from surface breaking cracks than traneverwe waves, Kapranos (1984) Also, when 
longrtudimal waves are ased im angie beam techmques, transverse waves will also be presert whach can 
generate confusing echo respomscs In complica goometnes, such as connectors, i 1s preferred to usc 
beam angles of transverse waves such that the longrtudimal waves are not prescra mm the mitially myccted 
bearn This mirumizes the number of confusing sgnais from multiple modes of ultrasound Note, both 
longitudinal and transverse waves can be generated at reflection and refracbon mmerfaces with relative 
magrutudes dependert upon the mcsdert beam mode and signal Trameverse waves are also preferred 
because the wavelength ts smalicr than the longrtudmal waves whach 1s smporant im the detection of 
small defects 


Figure 4 — Corner Trap Reflection 2) Ream onfiguration &) Lquivetent Sized Planar Reflector When Ream Ix ot 46° 


Other models are under Gevelopmers and measurcmems are being made of thew paramcicrs 
(Chapman (1981), Coffey (1983), Thompson (1963)). in the fetere much bemer predictions tun te 
model of equation (1) will be Geweloped. Withun the scope of the Currem program. however, te cguation 
(1) model was used to gam mmgts wo Or ultrasomc mapecuon profiem 

The amplitude response from écfects. calculated from tes theorracal model 1s useful for peedacting 
mmportam. These smclude the effects of maicnal sclocuon and coatings on the material and Oe prescrae 
of marux growth and manne growth removal methods These factors will influence the peodicacd re- 
sponse from the model. The model predicts the amplitude reapomec 2s a function of defect size. Defect 
suring accuracy is an mmportam clement m wmepectatelsty The ampietude response from defects has 
tradmonally been used for crack size csumabon m mos ultrasomc meapecnan cfiors hs likewise well 
recogmured that commdcrabie deviations from cage ted reapomer as a funcuon of mze m mandards werwus 
real Gcfects cart. Factors such as defect type, shape onemanon and surface comdmon m addmon to marr 
will mfluence the ampistude response (Kogerson) 

The second phase efion involved capenmental icsts of ultrasorec response from defects to corrclaic 
to the made! 

The capernmenial tochewque for Oe basn ices weed COmvcmmonal ultrasomc equipenem Measure 
mems of ultrasomc response were taken im an mmmerwon tank with a manual, vermer Gnven scammer 
Figure $ dbustrates the sctup used The pulset/recerver system consists of a Metroark 215 pulser and 
101A receiver. These modules have fairly standard performance for te mdustry and are used im many 
m ‘dular componert systems The pulser applies a igh voltage spwke to the tramaducer The traraducers 
are common peezociectrx crystal materials. The primary sct sclected for the study is made of lightly 
damped lead mirctitanate (PZT) This transducer gave a relatively tagh response with a moderate hand 
width Transducers of lead metamobaic, nghly damped are also available These tramaducers have a 
broad bandwidth and lees noise than the PZT, but have a weaker response. The transducer crystals were 
Cul to have a resonance at a specified frequency, | MHz, 225 Miz, and § Miz primarily. Used with the 
MP 215 pulser, however, the ultrasomc beam generaicd was composed of a frequency spectrum ahout 
the cemter frequency This “real world” behavior of the transducer/pulser performance differs from the 
theoretical approach of the mode! where the calculavoms were based on specific frequences values The 
measurements were imenponally made using the “real world” performance characteristics rather than 
developing speciahzed ultrasomc systems for theoreacal venfic ation measurements Thus approach has 
greater mearung for future implemertapon of the techrmque im speie of reduced accuracy from the made! 
represemanon 
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C onctumors 


Acoustic response measurements from notches were made on specimens 4, 5, and 6 (Table 1). Figure 
6 shows the configuration for specimens 4 and S. Specimen 4 was bare while specimen 5 had an cpory 
coamng Figures 7 and 8 are two repececrtapve figures of the acowstac reapomec measuremmeres. The 
calculated response shows a tugher dope than Gee measured. The measured response shows a leveling off 
of response with notch size. The conclusion is that the mode! can be used for order of magnitude cst- 


mates of response bul not for accurate prediction of motch sizes. The predicted 0.00! sensitivity proved to 
be comservatrve All notches im the test samples were Gctecied 
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Mechanical Properties of Multi-Year Sea Ice 


U.S. Ammy Cald Region Rescarch and Engincering Laborsiory 
Hanover, N_H. 03755-1290 


Obdjective: To conduct ice structure analysis and to cxamine sysicmatically the engineering 
properties of sce samples taken from mulp-year ndges 


Imerest in the propernes of muln-year ndges mems from the fact that these mdges are the most 
frequently encoumered, massive ice features im exposed arcas of Beaufort and Chukcts Seas Deep 
water oil platforms constructed im thus area of the arctic must be demgned. therefore, to withstand the 
wmpact of a mulp- year nage 

Phase | and Phase Il of the program involved ficid sammplong on the sowthern Beaufon Sea The Phase 
I field program was conducted in April 1981 and involved the sampling of 10 differemt pressure ndges. 
A comtinuows, vertical mulv-year mdge core was also specifically otnamned for detailed structural analy- 
sis A total of 220 unconfined umaxial constam -stram-raie Compresmon tests were performed on the 
vertically cored ice samples from the 10 ndges The preliminary ice structure analysis of these test 
specimens indicated that the main factor cortnbutng to large vanations im the test results was associ aied 
with the extreme local variatulity of ice structure within a ndge |i became apparent that a compicte and 
useful analysis of the mult- year ndge ice property test data would require a thorough structural imterpre- 
tanan of cach test sample 

Additional multi-year ice from four ridges was collected in April 1982 for the Phase Il tests These 
field samples included horizortally and vertically cored ice samples taken im Close proumity to one 
another The matched pairs were tested in unconfined, urmaxial constart -strain-rate compression to 
investigate the effect of sample onertabon on the test results The remarung vertical ice samples were 
used in additional unconfined compresmon tests and in confined constant -stramn-rate compresmon. 
constam -strain-rate tension, and constart load compressior, tests A total of 188 tests were done m Phase 
Tl During the Phase Il field program. a second vertically Grilled continuous mdge core to augment the 
ice structure data ottained in Phase | was extracted. The complete set of results can be found in Richucr- 
Menge and Perron (1988). The structural analysis of the ice samples tested in Phase | is presemied in 
Rictner-Menge ct al (1987) Discussions on the field sampling program and the test results and analyses 
for Phases | and Tl can be found in Con of al. (1984, 1985, reapectively). 

The structural characteristics of the Phase [] ndge test specemens were evaluated using the same 
techniques described in Rictwer.Menge et al (1987) The ice type of cach sample was described accord. 
img to the multi-year pressure ndge ice structural classification scheme summarized in Table | Figure | 
shows a senes of then sectons, photographed hetween crossed polanzers, that iustrates the principal 
structural characteristics of each ice type. 
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Pigure | — Structural Characterietics of Melt) Vear ice Types 


Using petrograptuc analysis techruques, the mean angle between the crystallograptwc c-axes ard the 
load direction (6:2) and the degree of alignment of the c-ar~s (° spread) im samples that were classified as 
colummar were defined These measurements were also made on large ( 210 cm) fragments of columnar 
ice in the mined ice samples In addition, measurements were made of the angle between the columns. 
or direction of clongation of the crystals, and the load(G-2). In an undeformes sheet of first-year sea ice 
the crystals are clongated vertically (o:2 = 0"), parallel to the growth direction of the sheet. The c-axes 
of these crystals are usually located in the honzontal plane of the we sheet, normal to the clongation di. 
rection of the crystals. By observing the onentation of the crystallograptuc c-axes and the direction of 
elongation of the crystals in the ndge samples, we can determine the arrangement of some of the colum 
nar fragmerts of first-year sea ice that have been incorporated imto a ndge The maximum, minimum, 
and mean grain sizes of the columnar and/or granular crystals were cxtimated for cach sample 

The Phase I] unconfined, uniaxial constant-strain-rate compression tests were done at two tempera 
tures (-5 and -20°C) and two strain rates (10°and 10*/s). The test parameters were chosen to comple 
mem the unconfined constam{ -strain-rate compression tests done m Phase | at the same temperature. but 
a strain rates of 10° and 10°/s. Matched pairs of horizontally and vertically cored samples were tested at 
-$ and -20°C and a strain rate of 10*/s to determine the effect of sample onentation on the compressive 
strength of the multi-year ice These samples were paired according to ther location within the ndge A 
summation is given of the percemt granular, columnar, and mined ice samples at cach test condition om 
Phase | and fl in Table 2. As noted in the Phase | ice structure analysis ropon (Rictter-Monge ct al. 
1987), the most common ice type by far is the mixed columnar and granular ice. Columnar ice was the 
Gominam ice type at only one Phase Il test conditiom -20°C and 10*/s. The distribution of ice types is 
relatively consistert among all other test groups 

The compressive strength of the multiyear ndge sampics 1s plotied agar sample porosity and the 
structural Classification is indicated for cach test specimen im Figures 2a through d 
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Figure 2 — | nconfined, ( onstant Strain Rete ( ompressive Strength vs Porosity for All Phase I] Ridge lee Semptes 
With the Structure! ( lacsifi ation Imac sted for bach Semple (pen Symbete - Vertically ( ored Samples 
(loned Symbot - Horizontally ( ored Samples ( ryeteliagraphy Meaeorement: Indi ated Newt 
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bn gemeral. Gee onfluctues of ce mructure and Cry ono om Oe uncon? Comperserve 
sarengmh of the Phase fl sampics os semila wo Que Gracrited for the Phase | sce sampiics m Ractnuer Monge 
oc al (1987) Ala rem came of 10° and temper of I C (Figure 24). Oe Inghes erongih sampiics 
ave componnd of colummar we wath Ge Gerocuen of crymal clongaiem paralicl w Oe load (C0 2 < 10" ) and 
a relavely email Gegree of ¢ enn algemess (< ST) The mined we sampiics woth a tngh peroemage of 
cobummar sce (HOS of more) cabsite Charactetiecs mmilar to Oe colurmmar ace sampics Ths 1s cwidors 
im Gee tems Gore 2 2 rein ee of 10° and tompermere of SC (Figure 2) These mieod cc campiics 
ee om he permease: of Gee sengih vs poroety bewd «Al all tet comdmicem. 10° and 10°) a there a 
tendency for the campersnrve mrongth of the mined and grawiar we samepiics to decrease wath am mcrcane 
m poromty The unflucrce of gram wre on Oe compeceerve mong of Ge mage sampics annean mmng 
teficare compared to tee effects of Crymal anemia and porcmety 

The tests Game om the matched par: (Fagures 2D and ¢) Go mdse that Oe mean compecesrve 
strength of sce samples from a mult year mage « Gepemdere on sample omeremicn Vertically cond 
sampics tend to grve a tegher mean mrengih) Gham horzortally cored sampies The dependemce of mean 
Comnpreserve strength an sample omermatian can he capdamed by we mructere The we mructure analyen 
of the ndges that we have sampled mcdudeng mage Co suggests tha mou of the large columnar we 
thacks ma mul year ndge that was wtially formed by compressem bee om a near horivortal postion Al 
thus omertauon the Grrectan of clangaton of the crystals of the colurmms m these large wor thacks «© near 
verpcal The colummar we samples collected fram vertical coring will therefore be loaded nearty parallel 
to the direction of crystal clanganon (G2 © 0") Thus +s the hard fail derection m columnar ice Horzon 
tally cored columnar ndge samples tend to have an angie of GI hetween the long colummm: and the 
applied load (6:2 = GO") Work by Peytom (1966) and Timco and Predertimg (1986) has shown that 
cotumnar sce samples loaded paralicl to the clangated crywtal anes have commpressrve wrengtis > wo 4 
tames birher than samples loaded normal to the derectiom of elongation Mined we samples woth large 
(>10-cm) fragmerss of columnar we are also affected by the onernation of the coburmmar we witten them 
If the columnar fragmerns m the sample are onerned eth the directa of crystal clongation parallel w 
the load (G2 <f/*), the sample will fail at a relatively tegh load and deformanon will ocowr mm the granular 
maternal surrounding the columnar fragmerns The diflereme hetweon the mean compreserve strength of 
verncally and horzorgally cored samples will depend am the numher of coburmnar test anecemens im the 
test senes and thee crystallograptuc omertatiom relative to the load The results from the tests om the 
matched ndge we sample paers are Gracussed m more detail mm Ractwer Monge and Con (1985) 

The Phase | and [1] unconfined urmasial compreserve strength data ts commbened ma mean strength vs 
stram rate plot om Figure} The compreserve strength of the honzarnal and vertical samples a 1()*/: are 
meted separately im the figure 
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As Gecussed in Ge Phase 0 soport on test sesults (Cox ct al. 1985), one would cupect a power lew 
relabomstup betwoen the ice strength and strain rate m the ductile regoon between 10° and 10°/s (Mellor 
1983). This sclationtep, which plots as a straigh: line on log-log paper, was not observed in our tes" 
results The poromty vanabons between Oe Phase | and [I] samples appeared to cxplain thus deviaboa 
After analyrimg he 1ce-mtructure Characierstacs of the samples tested im cach group, however, m became 
apparert that vanianons m the overall sructural composinon of cach test group also affect the test results 

The confined or comvemponal triaxial comstant-strain-raie comprrsmon tests were done using the 
triaxial cell Geveloped in Phase | (Mellor ct al. 1984). This triaxial cell was designed to ramp te radial 
confiming pressure in Comstam proportion to the axial sess being applicd.c >o, = 6, aid,/G, = 
commtart. The Phase fl confined compression tests were done af two temperatures (-5 and -20° C), two 
srain rates (10° and 10°), and twoo/o, ratios (0.25 and 0.50) The axial stress and the radial mrees 
are repecscmicd by GO and o,, respectively A total of $5 confined compression tests were compicted 
One would ammcapate the influence of sce structure tn the confined compressicn tests to be simular to 
that obeerved im the unconfined compression tests given the common defers. won mechamems In 
general, the investigators observed tis to be the case. Columnar samples with a 0-2 angle near 45° had a 
low compressive arength There was an imcrease im strength as 0-2 became greater than of less than 45° 
The columnar and mixed ice samples from ndge B, whach we used im half of these tests, tended to have a 
ugh 62 angie 

The confined compressive strength of mixed and granular ice samples shows a strong tendency to 
decrease with an increase mm porosity at all test conditions Those mixed ice samples with a ingh percent 
of columnar ice (80% or more) lie on the outside of the strength vs porosity band. This is a resuli of the 
onertation of the columnar fragmerts within the sample 

Direct tension tests were done on % multi-year-nidge ice samples in Phase I] of the program All of 
these samples failed along a plane normal to the apphed load 

All tut six of the multi-year-nidge ice samples tested in tension consisted of a mixture of columnar 
and granular ice Three of the remaining samples were columnar and three were granular To gain a 
more complete understanding of the influence of ice structure on the tensile strength of the mult ycar 
ioe, the Phase I multi-year floe ice test results were included in the analysis. The floe ice was predomi. 
nantly columnar Based on the combened results, « appears that the tensile strength of mult) year soc 
shows bitte dependency on sce type The columnar we samples tend to have a higher strength than the 
mixed and granular ice samples at all test conditions Thus is due to the generally lower porosity of these 
columnar samples rather than differences im the ice type If the cobummnar structure of the ice was the 
reason for the moreased tensile strength. one would expect to see a relavonshp between the onertation 
of the cohurmns relative to the load (G2) and the strength Such a relationsiap has heen observed by both 
ay RESINS rey an Sa Gn D GRT ER Ne CaS The test data So not indicate this 


 Sendha thes Giainenencamnen teenies equiared polycrystalline ice (Curryer and Schulson 
1982) show an inverse relavonstup between gram size and tensile strength (tus reiavonship was not 
apparert in the test results A temdency for the mixed samples ice to fail im the pan of the specemen 
where the grams were coarser was observed There were exceptions, including mixed ice samples with 
columnar fragments onerted im the hard fail direction (0.2 = 0" ) These samples failed im the finer. 
gramed we that surrounded the fragmerts Other mined ice samples failed at abrupt changes im woe 
structure One commstert observation was the comcidence of failure planes with large (> | om), isolated 


vonds in the samples 
( cm hwo 


A total of 14 mult) year pressure midges have heen sampled in the course of tus mechanical proper 
tes test program We have structurally analyzed ice test specimens from |3 of these ridges Table } lets 
the number and percers of colummar samples tested in each of the ndges The Phase | and Il test results 
suggest that these mined we samples behave similarly to the colurmnar we samples 
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The amours of columnar we vanes from mage to mdge As Grcweard m the Phase | we mructure 
analysis report (Ractuer Menge ct al 1987) these Gifleremoes are Gue to the mexde of formation of te 
mdge Rodges rrwnally formed by the comprrsmicm of ome firm year we sheet agar ancdher commarn 
large blacks of columnar sce The we m a midge formed by shearing om the other hard = ngtity frag 
meried Samples taken from mages dowd reflect these Gifferemces Ome wold expect to pet a eget 
percernage of columnar samples from a mult year preseure midge formed by compere than from cme 
formed mm shear 

A frequency histogram of the number of columnar samapies ma grven O72 OMeTRabOm 16 preReTEed mm 
Figure 4 The frequency temogram of the Phase | columnar samples eas ongenally preserme. ard 
Grscussed m Ractwer Menge et al (1987) Based on Gus ofeervation « was combuded that m the |() 
ndges sampled during Phase | the blacks of columnar fire year sea we that were monrperaind mao the 
ndge dunng its formation were lying ma near hornzortal postion Phase fl wnoomfined comprrsmon 
tests om marched honzornal and veracal parr collected during the seco! field pengram comfirmed the 


hypothests (Ructser Menge and Cc1 1985) 
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Based of ow samgeed nig: powder, «mull aggears Sus Oe Column Mik) weiter a mage ion 
© te @ a new hersceta Geechee eth Oe clongmed crygal een now wotecal The Chataccretas of Oe 
mage B coburn wor samgics chow ws owes ht Ges oe nce Meeys Oe Cae Ths otecry mem agam 
penta: cat Oe omgertiance of Oe we mraciute anadves for Oe mactperianen of muly yew ce Gma Eat 
Gms greg © utegue eal reget to Oe numter of granule column and mone’ we sampics and Oe 
ometiauen of the oofumna we etter Oe sampics These vara mm ce erature comntwned wrth 
Gcflevemoes @ powomary esl! te wfliecaed @ te mean erengin 

Tie mage tasiGeng process card! angean we he estremet) Cyan fhaeed cm ihe large peroereage 
(aggrouemmety HOE) of mined we samgies om ou comntered Phase | and El dma at bt also apne an Oat 
Guerre may te oe peeterermce fer Oe coburn we tex hs mm a mage to hee om a new herwernal poem, Ths 
rrelts © 0 Gegpemdetk ) heTere me COMpereeree mre) and sample Ometeate Vetta ally Coord 
samngies wend im gewe 2 tegter mean comnperserve sarengt) than horwcesal sampics 

Al Qe ond of Gee fore pane of es teeung pengram « had heocene ap—perere Gu the wor etracter Mm 
teuly year nage samngics was catremety variate and Guar Oe mructure had a profound efiect com te me 
Chama. al peoperues of the we The Phase fl tee reewits confirm Ges cteery acm 

The we structure anatyers of the Phase [] wcomfined and confined compersmcn ices weret tha the 
eftect of we mructure on Oe comnpreserve airengih of mudn year mage we samngies 1s indeperdern of the 
temperature mram rmen and comfireng rate that we ward mow tee aemes 

The temesie strength of the mule year ridge we samples dors nce apmear to he gre fic ardly enfucrced 
by oe structere Rather the pornerry of the sammie os the Gommmare Charactereta wrth reapect to 
serengmh 

The most agreficare com busom Green from @ws etudy 1 the emportiance of characterizing the 1 ¢ 
structure of each test anecemen ob hecemes anparers Ghat te aructwural anal yer mo mecessary for the 
proper chesce and mmerpretaion of comenmutrve parameton = Weihowt such am analyem the developmen 
of a commnutrve law for mul» year mage we haned om the data from mecharmcal property teats cm ripe 
samnpiles will he mesic ading An we structure analyers showk! Mecome a starelard peewedure om al! puis 
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Punctung Shear Reawaence of Lagtt engi ( omcrete Off atore Scrucene 
for the Arcta 


Poncopel leveengmer «6D HOS Lew 
Sarucures Dewrnace 


Nama Bureas of Scandards 
Gathenturg MD Nv) 


ORyectrwe «To Geiermene Oe pu tung shear rraarce of heaved) rerdorund tegh arene 
hgteermgts comme vlad and whe sects ropersernares of propeaed One trae 
oftwhewe sxractuers fer Oe Arta: 


Peacrmally grea sewers of ool and natural gas art commaimed eren the Arcie Qoean regnam of Sort 
Amerca To cxgihemn Geese rrartves esl) magquere Ow demgn coment and marmonance of permanets 
offuhore aructurrs Chat can etihmand Ge hard condemns empmend ty Oe Arta ceeerammers Further 
Oe structural comfiguratices heeng peeqeeed are eufficwre)) Gflerere from sandard cometrac tice that 
woetianmes Crist mm predating Oe hethavecr of Gheae structures under Oe acvern crecrommertal inads 

The Gemgn of arctan structurrs reaqguerrs an undermanding of the tefhavie of the cor Tie CLIemor 
walls under tugh mmemery we loads Boh giohal and kx al effects of the we lnadeng mas he Comentered 
Eatemames of the sor COmaCT pressures are typec ally om the range of 4(1) to 2201) pe depercieng cm the area 
of commact hetecen the sce and the stracture These structures mug he des gned ao that under deg 
emiomesty sor loads purctung shear is met Gee primary mente of facture a shear farlere 1 cuddem ard cowld 
lead to the peogreserve codlapar of the err ture 

bndormanon on the pumctung shear behavior of Ouch heavily reenfoned bgtrwrgte com ree 
sectoms of the type heung progweed for Arctx structures ts bermeed Provimoms om eareting standard: 
ferlameng to pur tung reemtane have heen derived from texts comducted cm them ard bgttly reenton od 
sechome The mcrraand Gactiness the large armours of reenfor. omer and the powertie preacme of anh 
atom and presiresemg all vl! mfluence the pure feng load «apa ity 

Two series of teats were Carned owl to mvestigate capermmornally the puncteng shear behavior of 
Gackt heavily reeforced hgtrergt: comorme apecemens The firw sere: comenmed of 9 plate and 6 whet! 
apecemens a apprommamely | acale and the secomd series comerted of there 1/4 a ale plate ape crmenms 
The comorete ward om the qnecemons of heath senes was made eth ASTM Type | portland cemer norm al 
wergte sand hghrwengte omarse aggregate wohca fume at 100% ty wengte of the Comer superplastcizer 
and an ar erermrong agera The minture reeulied man average comprremon strength of atewt ROLE) pe: 
@ wr comer of stew 7 percers. and a une wengtt of show 11S pct Fieewral reenfiorcemers om the 
specimens was sheet | 7S pervert of the cross section area for each face and mm cach of two Grrectioms 
Shear reenforvemern ratio ranged from 0 22 10 0) 24 peroere of the (roms sectional arta 

All apecrmens were loaded at the cermer of the comer apan Layer of rutiter commamned om a see! 


Cytender were uaed to help Grsiritune the load wreformly te the apecrmens 
(creme Deameenene 


The addmiem of shear reentorcomers reawlied in spre fn arm mmc reanes on per teng shear strengtts even 
wrth modest shear reeviorceng rans The erereascs im enrongth peedcrd by the whe ar reeniorcement 
were gremer on the plate apecemens than mm the shefl qnmcemens Addecmally the em reasce om etremgth em 
the shell aprocemens were greamer in those woth the looser Curvature Also the preaemwe of Curvature on the 
specemerns produced sgrefk are mereanes on perc teng wear aremeth The relative orm reanes om atrength 
dec reane wrth ctw ity re ameng Curr ature 

tn the plate qnecemens te adder of shear remdorccmern remuliod om a ductiic farhure bn Cormrast 
fadures om all of Ge whe ll apecemoens were madden bn the whe fl apc emer woth shear romlorcemert an 
upper bea om purkteng shear strength apgeared to have heen reacted eheretry the Comore Comtroiied 
the stremgth ard a twreetie favlure mente remashiod 
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Pantung teat prowess om Ge AC] Cade (316-43) are commervatrwe wath reget to Oe teow roel. 
parocularty for Oe specumers wath hee rcenfowoemere The tee rreults mdx aie Chat Goflerets fm lure 
coméaicee acourred @ Oe qpecemets of Gus prope” Gham are Commdctod ty Gee code prowmacens cr Cue 
were ctecrved on caer pumtung shea tows performed on qmecumem mpecectiaree of ComecteKmal 
commrucnan The mage rcascoms fer Oe mxrrascd gongis cotecrved mm Oe iow q™ecemem are Or 
relapvely email) qpam4o Ceckness race of Oe qpecemem. Ce super periormatuc of Ox headed wea 
soadorcang ban uae’ mm Oe mudy efen coemparrd eat Camwermomal wear rurrum ad Oe pececter of 
arc achom Gue to shell curvature 
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An Investigation of the Nonlinear Behavior of Compliant Risers 


Principal Investigator Prof. NM. Patrikalakis 
Massachusetts Insutute of Technology 
Deparumem of Ocean Enginecnng 
Cambridge, MA 02159 


Ot)catrve. To formulate a mathematical mode! and provide a solupon tochengue for the turce- 
Gumenmonal nonimear static and ¢ynamac compliant mecr problem im thee presence of waves, 
currem, platform mouon and possible macr-ccean hotiosn wicraction 


Compliant neces are asecmblages of pepes with very small overall bending ngodity used to comvey oil 
from the ocean floor or a subsurface buoy to a surface platform. A complians riscr is pormitied to 
acquire large statc deformanons because of ts email bending ngodity and readjusts ts comfiguration in 
response to large slow mowvons of the supportung platforms, to wtach a nm ngdly commeccea withoul 
excessive stressing Complam neers have been used successfully m protected waicrs i) buoy loading 
stavons for tankers Extenmons of shallow water concepts have been recently proposed 2s aliernatrves to 
conventional production meer, because they emplify the overall production sysicrn 

A mathematical model for the non-linear global sane and dynarmc behavior of an auecmblage of 
tubes modelled as a non-rotationally umform slender clastic rod with space varying torgue can be fowac 
in Patrikalakis and Chryssomormidis (1985) and Patrikalakis (1986) Efficiemt numerical solutions of the 
non-linear three-dimensional static problem of a comphara mscr mm the proocnce of a steady current can 
be found in the lnerature The numencal solution scheme im the references crmploys a novel embedding 
techmaque whach stars by using two-demcnwonal solutions as ital approx eatonms = The mitial appro. 
mations of the solution of the correspordding two-dimenwonal static probicens are analytical and are 
derived using asymptotic techregucs These analyncal solutions correctly account for all mayor exuicrnal 
and restoring forces for cach case and, therefore, provide co cllem wwtal approuimations of the solution 
of the non-linear static probiern For this reason, fast comverprn ec of the embedding sequence and the 
associated Newton-Raphson iterations employed im the numencal solution of the non-lenear problem 1s 
observed in Guraoy (1985) as opposed to the more weual imcrememal loading method Efficaers sobutons 
of the linear unforced and undamped dynamic problem of a compliamt msec around a non-linear static 
configuration to determine natural modes and frequencies using a combenation of embedding and asymp 
totic techmiques can be found m Patrikalakis and Kinezis (1987a) These publications summarize the 
results of Phase | of our work. 

In Phase I] of the research we extended the theory developed intially to allow for three dimensonal 
non-linear static and dynarmic analysts of non rotationally umform comphant msers with torwan om the 
presence of umdirectional monochromatic surface gravity waves traveling ai an artetrary angle, artetrary 
monochromatic motions and rotations of the upper and lower ends, of the same frequency as the waves, 
and arbitrary currents. In this work, the effects of riser-ocean hotiom imicraction, preset im some cate. 
nary configurations, and of non-linear drag primarily due to separation and wake formation were taken 
imo account. 

The solution is Herative and involves the following steps, Patrikalakes and Kinezis (198 7b) 

1. Sobwtion of the non-linear static problem im the presence of mean forces and moments duc 

to the currents and waves (possibly involving static mser-ocean hotiom micraction) 

2 Linearization of the structural pan of the non-linear dynamic equations around the static 

configuration for small dynamic mations and angles 

3. Equivalem lineanzation of the non-linear mser-ocean hotioem mieraction forces 

4 Equivaiert lineanzation of the non-linear drag force and moment assuming mono tromatic 

three dimensional excitation and response 

$ Solution of the resulteng non-linear boundary value problem modeling compliant nact 

dynamics, possibly involving nser-ocean hotiom imcracton, om the froquency dora 

6 Determination of mean forces and moments duc to currents, waves and nser motion 
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Once these mean foroes and momerts are oftamned. acre atm from wap | ures 2 Comeerpors solo- 
mon ss reached Ties process prowides Oe stat comfiguration and Ge avexcugied siatx iomuon and 
bending momenms. de Cynamax monon ampitude and phew and Oe associated Cymarmc icmman and 
bending momerns for a general Guee dencmmona momxtromatx cuctabon and roapomerc. and Ox ictal 
max and Cynamac icmacn and toméing mormneres 

Thus program allows Ox amalyws of tr global nom bear thwor <Gemetescnal tatacs and Cytuemacs of 
mangle leg multaute Compliars mects om Gee peeoecnoce of Currents and momachromaztac weves and monom 
and razboms applied a tosh omds 

The results of thes method have been compared wath other sécahszapom., such as Oe cattle sdcabura 
pon, and other solunan inctregucs such as man lence me Goma methods adéresang Or full beam 
protiems Details on thee comparison can be found in Parricalakes and Knees (1987>) Comparnom 
with appropriate catiic sécahsapom. revealed that. as long a “ee Cynatma tommecn » email compared to 
te statx temman, te masemum ¢ynam«x tomeon hasd om a cate sécaluzapon 1 Closer to Or tomo 
prohhaicd by tee Euler beam cquatiom 

The comparisons with ume domam mo. yponior somtinear codes for feud: neacrs umng firme 
clemem methods confirmed Gx usefulness of Ge | guctxy dor sen method developed allowing raged 
and rchabke computahom of the respons cven under culrome cacetation An cuampic of such a com. 
parison is shown im Figures | and 2 Figure | preeents that matic configuration of a 420 m long mcep 
wave mect located a 420 meters water depeth om the presence of wrong currera §=Both the persera formula 
on prodschon (comtimacus bine) and the frrwte clomert tochrngue predachan (crcle sytmtod) froen 
Mathison (1986) and Haneon (1986) are chown As can be soon the agrocmoert is very good 
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bigure 2 preserms a compariacn of the mauimum total eflectrve temecm (stat + Cynammac) from the 
two formulations Two curves fram owr analyst are shoren. corresponding to the corrected stat com 
figuration accownung for atx effects of waves and dynamx meer motions and to the mwtal statn 
comfiguranon without wave and rscr motion efiocts The square symbol correapands to the firme 
clement methad prediction As can he seen the agroemera between te two mo~thadologics 1s very good 
The corrected @ynamx resuli 1s more accurate than the wwutial dyname result from our methadology 
The nom tenear terms employed mm the teme dormamn frrete clement solution do mt appear to sigru fx are! y 
aflect the reapomse even under catrome excitation conditions as ts the case om Figure 2 For this figure. a 
regular surface wave with amplitude of 15 5 m and penad of 16 seconds was waed In addition. the top 
ond of the maser was excited by a heave motion amplitude of & 99 m with revo phase angle and a surpe 
monon ampitude of 10 37 m with BW) degrees phase angie relative to the wave crest at the top end of the 
meer The resulting comfiguranan was two demensonal mm the «1 y plame The comparnom were gand for 
the canes studied bul are expected to detenorate when the dynam tension exceeds the statx temscn In 
such cases the structural leneariz ation ceases to te valid and a nom bnear ome domnasn sctuticn is needed 


cre Heaeeenm 


The results of thes work ondic ate that te eflects of dynam mation on the sath forces and sobution 
are relatively omall and therefore may he moglecved to a firwt approwmatian The solution method 
developed hased on an adaptive nom uruform gnd fine difference tochruque ts successful om ef ficrern!y 
reactvong sharp gracherss of the sobutieam presern coher mear the supports or at the ends of large hucry arn y 
modules Dynarmx curvature and temecan may he eigmefi amt em compariscmn to the state quartitecs acd 
therefore dynammn effects showld he commdered in preleminary demgn of compbart nacts The statx ard 
dynamx Our ature ts very sigmfk art mear the top meer ond. the touchdown pours and requires careful 
dewgn of trae rehet wuruts 


Based on Oe peeeces roecarch Ox followwy rocommenéaors for further work may the made 

1 Develop a frequency Goma fanguc program for complars mechs om Oe peescnce of Goro 
weve and piaiorm mopon cacnamon Such a capatelety os mocessary because of Ox email 
oscullmory fending rade and large Cynamac tommom pouwhie m compliant mec. capecially 
for Goeper warns Rehatie labormory cupermersts to dcacrmerne Ox fangue Characacrmtacs 
of fleuitie mecr comm@ructons are nooded to make Ge results of fangue programs uecful to 
Oe prackong écmgner 

2 Extend te preects methodology for macs and Gynamas © multicg comfigurasorms «Ths 
cam be acoompiished cfficacraly fecauee Gee peeects method allows moorporapan of the 
effects of comphance af the ends of a mangle leg vymicm 

3 bewesngate Oe effects of Cynamn iemmon caceedimg Oe atx tommon and homom 
wmcracion ¢fiecs (paracularty when empact 1s posubic) wang a nom lenecar teme Gorman 
soln toctraque 
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Bethichom, PA 18015 


Otycctrve = To Gewelop a method for analyzing Oe reméual arength of mdnidual members and of 
oftuhore platiorm sufframes erakconed by Gamage duc to overioad and/or by dems 
and Graorporms Caused by sup smpact or falling atyects 


In adGmon to aperamonal and ervworencrial loads, an of fvhore platiorm may te subyocied to aco 
éertal empact by stups of heavy falleng ofyects Comngucraly. the platiorm wrongth may he mgreficardly 
emparred by the resulting Germs of overall Graoruans mm the bracing member of legs Such Gamage to an 
offshore structure may have senows crwwormerial comoguences and may yoopardire the safety of mts 
crew, Taby and Moan (1985), Pllimas and Valogard (1985). The goal of Gus reacarch is to provide 
engineers wrth inots for asacemng te rewdual arength of damaged of fuhore wtructures 

The research proyoct was manod a Le.ugh University in 1985 and was orginally Gcacribed in 
Omapenko (1986) The enecef research areas are the indentation behavior of tubular members, that 1. 
the load vs deradepeh relanomtup. atial load vs shonereng behavior of deracd tubular colurmms and 
strength and load vt deformation respomer of offuhore frames woth deracd members Teming. anal ypcal 
sohynon and the developmen of a practical smplified procedure are wvolved m cach arca 

Asa part of the study. derming and aual load tests were combucted on two large diameter (40) ard (0) 
moh dia) snecemenms fabricated by cold rotleng and welding wtach m the typecal process weed om the 
comstruction of offshore structures, Padula and Outapenko (1987a) and (1987) Additional tes results 
were taken from inerature However, only tests om small wale manwfactured qnecemem: have heen 
availatic, Taby and Rashed (1980), Taby and Moan (1985), Senath (1983) 

The inderiaten hehavior of tubular members was analyzed om the current progect by weing the firme 
clement program ADINA The protiicm is gearmetncally and maternally nordnear. and « preserned 
commderatie challenge mm developeng a fimne clement made! Indertation by a trameverse load applied 
through a mgid indercr was madecied by a senes of long truss clemerms cach having a uregue telinear or 
tninear stress stra relatiomstap to accommeadate the mwtial gap hetween the mderacr and the crrcwlar 
tute «The tute was madeled wrth roparamectiri shell clomerts with as mary as &) degrees of freedom 
hh was found that the computed load deradepeh relationstup was mm much hetier agreement eth tests on 
stress reheved manufactured tuhes than an fabncaied ones An approximate analysers showed that the 
showld have heen capmcted ence the fimne clement methad did mew commader the rewdual stresses whch 
eurst om the fabncated apecemorms due to cold rothing and welding A eemplified anprouemae method was 
developed ft» the load vs deradepeh relateanstep by wang mult: vanatile regression analyers of the tes 
data avarlati on inerature on manwlactured tubes subyected to “Life edge loading Tatry ared Rashed 
(1980) A typecal load deradepeh relatorstup is shown on Figure | where ome curve reopreserits the teow 
daa ome the fine clomers sobubon and ome accordeng to the anprosmmate methad The agreemerm cf 
these curves grves crodemoe to the accuracy of the sempiified methad bh whowld he mened that the arca 
under the curve prowides the energy Gresqpated during mndertiation and thes can he weed im dete rmermng 
the ammowrt of damage for a apecified coflescm Figure 2 depacts the relatiansdtup provided Py tic ap 
promemate method hetween the load vanatbe Q the dera depeh vanatie Wo and the diameter to thc ctmess 
(DA) wartatile B 
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Since the presera approuimate methad is lemined to 40 < (DA) < 60. Padula and Ostaperko (1988). 0 
18 planned to extend the methad to (DA) > 40) by relying on fimmte clemerm solutions and on ary additional! 
test results wtuch may become available to generate an adequate data base Bemdes DA. der geometries 
other than krnfe edge. and the comcurrert axial load and herding mormera will he echuded as vanabics 

The atial load vs shonereng behavior of derned columns was analyzed by the same fine clemer 
program ADINA as was used im the imderzavon study So far, only pen ended colurmms have heen con 
widered 

After commderatie expermenation with madeling. load moremernts and tolerances om order to reduce 
computer time and morease accuracy, the followimg Grcretiz ation made! was developed Shel! clement 
were used for the portion of the column. approwmately fowr diameters om length. cartammeng the der 
Thus ts the area in wach deformations of the cross section were capected to take place The end portion 
outmde the segmer with the dert were expected to retam thee crows sectional shape and remarn lene arly 
elastic, and they were madeled with heam clemerts The pre and post ultimate load ranges were 
comadered A typcal comparison of the computed relationstup with the tea reswht 1 shown mm Figure | 
The agreemera of the whtemate capacrties 1s romartatly gaad Although newt endecated om this figure. the 
atial deformation from theory and test at the wltrmate load agreed wrthen ten percent 

The variaties om ws analysers are the slenderess ratio L/r, diameter to tectness rano DA. deradepth 
(and derma geometry). the wwtial owt of stranghtness and maternal properves Figure 4 grves a sample of a 
parametric study of the effect of DA am the load shonerng behavior wtule other vanaties are bert 
Corral ari 

Fimte clomera analyes as weed here 1s catremety demanding om terms of lahor and computational re 
sources (Commderatic Cow terme rs reqguered on a mamnframe competer) thes urenabie for dewgn apply a 
tom Sore simpler methods have already heen propwacd such as the recently developed program 
DENTA, Taby (19860) and (1986D) However, thes « a elf comained program developed for micractive 


use and mot for moorporabon as a subrowlune wo 2 structural analyses program Furthermore. the sempi- 
fying assumpoons on wtech a ts based make @us method lew versatile than Gcmred for a nonlinear 


aulyus of Gamaged offshore structures 
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Figure } — Axial Load vs Shortening — 
Theory and Test. 


Figure 4 — Antal Load vs Shortening a 
Fenctio of DT 


A more simplified, yet sufficiently accurate, method that cowld be directly incorporated imo the 
analysis of a frame cortammung a damaged member is needed ( urrent effort is sperm on the collection of 
available test results and the generation of additional informanon by the finite clement computer program 
to create a sufficrert data vase for performing parametric studics and the developmerm of a simplified 
method for defirung the load-shonermng behavior of a demic’ ( lumn once its parameters are specified 

The method is expected to be of the same general form as for the indentation behavior except that 
there will he many more vanables 


( onclusion 


The strength and the load vs deformation response of offshore structures with derted members wil! 
provide information on thet residual strength and 1s the wltrmate topac of thes research The presently 
planned approach is to analyze a linearly clastic offwhore frame with one of more of the members re 
placed with derued members The nonlinear pre. and post ultemate response of such damaged member 
will be defined by the formulation developed om the research on dented columns descrnhed ahove 

ht ts expected that an already available computer program for linearly clastic analysts can he mod) 
fied to directly incorporate the nonlinear response of a demicd member A one. to three story wih frame 
will he used to determine the redistribution of forces and the rewdual atrength This will he an more 


mermtal erative procedure demanding cmuderatic time capenditure 
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Otyectiwe =: To. Gewebop a practacal. gomeral nom pecacryerve. engmecnng approach to tr 
roqualeficanan of casstang offwhorr placforms 


impectons of offuhorr platforms have Gictoscd a wide warty of defects Thewe defects too rom 
craks mm jowss and beoken braces 0 oteoiene Gemgn crucria Commoguences of such defects were 
Ge moruarmed wn Oe sone: of @ructural (atures Gt ccowrred m 1985 mm te Gulf of Meaico during 
hurricane Juan (Dytrkapp, Schomet.as, Siewan, 1987) 

Curreraly. Guere are stews 1S) mayor, fined. Grilleng and production platiorms mmtalied amt S$ 
Corememal Shetves Aboat MID of these are om the Gulf of Measco (Pogure |) eth the romannder 
located offuhore Califorma and Alaska Approumaicly ome dherd of these a@tructures are over Of) years 
cw 
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Radom aperman anf ownen ar faced wwh Ge noo’ w cond Oe apetmey ber and cangrs of 
man of these wrucers Wat Gogrrsand and Nuctumerg of and ge pcr and mor anitg Mateos « 
Ct. Cemnr anersion. and ropulaion muw find a rcamcatikc © ay wo wlliee and Toquale’y Coomung 
eruclurrs 

Sence 1960S dhe MMS as a momiter of 2 poe ndeery powoeumom: qemscrd prog! hewe toon 
Orvelogung a pracucal procedure for moquali! yng Gcfocawe phadioemm (Bea Seeeth 196" Bea Punta 
Senet, Spemeces 1988) The eoguald’x em gyro? has fheem founded on Ores penal Chomeres 
deresfeod as Gee AIM trangic (Fagurr >) 


CRT RATOR CENTRES C apempare 


> ee ee 
- a oer 
© pe He % me 


Ss ore rm 


Figwre 2 AIM Appr ne & 


A. Acnpesmret 3 thwar OMe wenn, apy anal: ememded to cv ahuate Preece ard future platicwrm sery 
weatwity and Getormee the Generate (Rar actorens of prenere ard fetere platiowm performance — T Pye 
lemon alec mu hudes CLamermng ahematrve platiorm marmonatk¢ peegrarm.: wah the chyectrve on 
dered ying practical Candbdaes These pengram: are focused om de welopemg acceptatite platiorm aery 
woatulay Maratea: etale preserving cxaertial satety eC COMM amd cer erormmertal chyertrves 


1 - ieepectem Geo engpemeenrg and operancns programs Geecand toward deiccucm and dacumen 
tamem of Gcfocts @ a platiorm Out cam icad © mgeeficate oducts om serviceatelety Charaacn@acs «The 
chomers uxctudes Gcfiruuem of etus should te omgecand efhien and how ad arctewing Gee remus for 
funure AIM cycies 

M. Maimenance Gos ongmeenryg at operas programs developed and umpiomeracd to 
pececrve ce cnatiic a platiorm w develop acorguatiie serviceatelty Characenemcs Ths clomers mcdudes 
commdecranan of a wide vanety of mamnenatoe peograms mended to reduce and mutigaie has ards oF 
mks ie. load re@ucham. @ructure arengthemung reduceyg operaices ciposures. and mcrcang maine 
nace eficctrveness 

The AIM approach (Figure 2) s Grvaded emo Guee premary phases Fir is a acrcoming phase that 
comments of the acloctscm of a Candide platiorm based on ms defect and comoguence poaettials. perform 
img a common survey to determine as pecects common then dcirrmerung if the tructure has wagre fic are 
Gefects hat warrart mega 

The secemd phase «a detailed evaluation phase that ts crnered if «1s Getermened that there are 
peeermally wgreficare defects that need remedial measures Vanous alternatives for making the platform 
meet servceatelay roqueremerns are wermfied and evalumed The hew remedial aliernative for the 
currere AIM cycle es selected based om acoeptatelty crnena 

The therd phase rs an emplemeriation phase that ms metiated by demgrung or engimecnng the remedial 
atomative, umplomerning &. recording the results, and then defirmng the next AIM cycle 

The form pitase of the AIM program ts idererfication Thus comsrets of the platform operator or owner 
selectsng a platform to emer the AIM process Thos platform might be a represernative from a fleet of 
omar structures The sclection showld be based on two primary cruienia |) comeguence potential. and 
2) defect peaermal Commequence petermials inchude such tungs as the potemtial for damage to property. 
beves, resowroes, and the ervirormnern The defect potermal 1s an evaluation of the bhelihood of deficien 
caes om demgn. commeructon, and operations (imcbuding marmmenance) of the @ructure The mmtial AIM 
paatiorm canddaes showld he those that have both tagh comequence and defect potertials Then a: 
resources are avarlatie lower pnority structures are eraered wto the process 

ht vs the platform owner s respometwlity to take the emwtiatrve mm the idertfication, for the owners he ar 
the premary reapomedtelties for the waegrity and serviceatulity of the wructure hi ts also the platform 
owner or operation who rm om the hest postion to ase that adequate capenence. and operaiioms and eng) 
neering hack grownds are emegrated immo the pudgmerns of commequence and defect preertials However. 
the regulatory agerwres are reapomeitie to the pubix and have the authonty to require the industry to 
comduct operations om a sate and pollution free manner 

The next phase ts the Condmon Survey Thos mnchudes the formation or comimuance of a data hark 
that commas al) pertenend information on the design comstructon. and operation of the structure (T able 
1) Of parnowlar empernanoce are identification and recordsng of exceptional events of developments 
during the platform heatory These everts Can provide mmportant clues in determining what. where how. 
and when to menect the platform (Dunn 1984) 

Fapeneme wth requabfication of structures mdscates that the most severe protiicr is weually the 
lack of defiretrve imformaton on the currerd comdmon of the structure The greater the knowledge ahout 
a partcwlar structure (or class of w@tructures). then the more realistic 1s the evaluation and the more 
effective the maigationm of defects 

Note that comdetion surveys and future AIM cycles mmply the need to develop data hanks (files of 
information) on the structures (Bourgeor, Gerhardt, 1987, Privtwe, 1987) Thus data hank hocomes vital 
om Gerecteng the cowrse and type of emmapectscrs 

Inapecton: of fined and motule platforms have heen addressed by mndustry and guide tines have and 
are hewng developed to determine imapecton programs (Natonal Research Counc! 1979) Busiov. 
Vaidivieso, Holdeworth, 1987, Carr, Clayton, Busy, Doteon, 1986) A practical strategy is to determine 
what showld he manected by evaluating peaertial Commequenoes of damage to those clemerts The firw 
Prortes for mapection are grven to those clement: of the structure that have high peacrtials for damage 
and tigh comequetoes of fashure 
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Completing the Condition Survey, the next sop is screeming In fact, the neat two AIM mops are 
concemed with screerung the platform 's need for defect mitigation Note that defects can range from 
those associated with the onginal design (¢ g obsolete criteria), to construction (¢ g bad welds, poor 
materials, misalignments). to operations (¢ g COTTOsION protection nat maitammed). to accidertal (¢ ¢ 
fram boat coflissons, dropped abyects) 

The determinanon of “ugmficara” defects 1s concerned with the evaluation of the structure's capate! 
ity to be serviceable (or not fail) during the projected operations penod (Figure 41) Proquently, euch 
assesemermts are very casy. Ht 1s Ohwious that the defects are mgm ficamt Other tomes. the assesment: are 
not casy, and analyses need to §«=>—-—»_ erformed to make the evaluations (Licyd, Clawson, 1983) If there 
appear to be significa defe che nex step ts to determine if mitigation of these defects 1 necessary 

Mitigation of defects r .cts to a pnontization of remedying those defects, and identification of 
practical alternative remedial acboms If no mitigation appears to he warramed. the procedure bran hes 
to design of the meat AIM cycle 

In the AIM approach, defect mitigation ts defined mm a very broad coment. hence. the mammenance 
aspect of the AIM triangle. Defect mitigation is much more than “Wf i's broken, fic a” ~Defoot mitiga 
ton altematives mclude 

* Reduceng platform demands mueremizing loadings and load effects 

¢ Increaseng platform capacities =matimizeng of mcrcaseng the wrength of clements that comprise 

the structure 

¢ Reducing operatiom ciposures decreawng the potcrtsals for inyunes to personne! (demanrweng 

lifesaving equipmem) damage to the structure (controling boat aneratioms and trawh drepwsal) 
losses of the resource (downhole whut om equipenenm), and myunes to the crrverarmmert (modiuticn 
comrol measures ) 
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° increasing marmenarce eflectrveness = moreasimg Corrosion and soo premec tom frequet ) arn! 
exter of mapections and eflectrveness of martenarne engrwenng ated Gamage reperting 
syuiorms 

The neat mep is Ev abuation of Ahernatrves The process of sclecteng Gee mow viatte AIM ashernatrve 
can he orgarured wo Gyee wepe (|) structuring Gee ahemagves (7) determing the Commequencr: of 
the ahernatrves and (') evabuatong the ahernatrves 

Structuring the alternatives rs the wereficanen of che practical AIM strategies for dewelogeng an 
acoeptatie level of servceatulity and safety for the structure and as proposed aperancme These strate 
pres are combenatom of the hazard mmtigatom measures previously (ned 

Asseramen of posetie comaequenoes reeuiteng fram each of the vamcws AIM alternatives can he 
fertormed try womg crrstimg data new Gata engeneenng pudgmer. or amy Commbenancm of these Ths 
asaesurmers creettially dex nies what ell or cowld happen showld ary of the alhernatives te selected 
wr budeng a) the preermial Costs and oatcomes asa iated with a partiowlar AIM aliernatrwe areal bh) the 
fetertial Costs and cutcomes asack vated wrth the marmtenanwe of fp attorm « ama my for a partxwlar AIM 
ahernative 

Peaertial cous om bude all mrvestmmerts of resowrves required to mmpicmern an aliemnatrve general!) 
evaluated m terms of dollars or equrvalera uruts (Werdler Karsan 1983) Doue to the wrwertanmies m 
marry parts of these costs airs advisatiie to make evaluation of the most bdety Cost (heel extematc) are 
Onvet range (reascnatie upper and lower Menuet) 

Semelarty omay Ne necessary to omtradwe ranges on pemerial outcomes frown a partecwlar ale matrve 
These praertial atcomes showid he fexowsed cm the atelety of an ahemmatrve to masmarn the platform 
(apactty a agrven level Ths 1s a way to ermer he unvcerianie: aeacciated eth the eflectrvones: of the 
ahernative euch as the umoertartics anackiated eth the effects om capacety of a particular reper plan 

FE vabuaing te ahomatrves commas of defireng the eapected mat and cost ranges for cach of the 
ahemnauves ramkong these and selecting the moa dewratie or aveptatie ahtermatrve tn terms of eco 
rewre § fre sa process of forden, Chat altermatrve that produces the lowest teal of emia and future 


coms Ip terms of safety. Gus 8 a process of finding a aicrnatrve Cue will produce a acoeptatiic iewe! 
of platform erengt, commarcte eth poactmia comeoguemors. and moet Oe roguired regulatory crucnom 
(eg Figur 4) , : 
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Omoe an AIM alternative ts selected. the neal step ts to emgenecr that alternatrve aed ermpdermere oon 
the platiorm aoperatiom: The results of the emplemertaiom are moorperaied mao the platform comdriom 
survey and mmapectram data hank 

The com tuding step for a platform is that of desigreng and implementing the meal mmanection are 
marmmenamwe cycle The length of the cycle (Fogure $) will depend upern the proyected performarwe 
Characteriencs of the platform (1 ¢ how fast the capacity of the structure might he detenorateng) ard the 
need for and henefits of emproving Lnerwledge and daia om the platiorm comdmon ard pertormark ¢ 
(redwceng urwetlarties ) 


( cvewe Herwaeen 


The AIM joproach has heen founded an a senes of mmportiart ptwloscptwes Chat en hate 

a Practcality for appix ators mm presera engineering and operators frameworks addres img the 
needs for wmphoty versathty comypatitelty workatebty and comermior 5 

hb RKeepeng @ructures mm service hy wseng preveraative and remedial engineering te hemques a 
Poetrve appwroa h 

( Estattesteng and marrtareng the wmegrity of a etructure at the leant pemeitile Gout wetter 
COPAprommiemng peofeemcnal and safety standards an approach em ete the erveetemert ool romcrer ex re 
puetified try the scome of heme fits a Mewed 

4 Lewermg the risks and Commequetwes avack vated wet) omeraticrs of a strc tere te the fr orn 
that in prathally attenuate recogresing that compretenerve aetuticms may med he powetie duc te 
lomtanons posed ty furndeng and tecMmedoagy amd that practe abety empha ates ah er FOMmOral pvc onmenn 
m wdermifying and remedying « ructure defects m the order of Gee hazards hey represent a precorei red 


learn your way Crrough approach 
bnagec toms Gefireticms of defects and marnonarwe of platiorms: mmawa he green teeth precwrery om 
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platform operapons if structures are to rctam ingh Gogroees of servsceatulsty Poorly mawtaemed structures 
cost. It costs scarce resources 10 maitiain structures. However, platform AIM mvcmmems Can rium 


sguficam drvidends by mcrcasng platform capatelaes, lowenng the maadcnce of semous Gowntume 
evems, and lowenmg future repair costs. 

The probiem of platform requalificanoms 1 ome Gual should be anproached wethout ngad comformance 
to “comvermonal practice”. The obyective ts 10 mamma a tegh Icwel of profeewonal and operating 
excelience by Gcterung creatrve and pracucal ways to lesen meks wethen Ge unazvondabie commrants of 
curremily available knowledge. manpower, moncy, and tame Thus 0s a structure and proticm -spoofic 
approach. ht is not an engineering code or mgid gusdclim approach 

AIM I was sponsored by t- Mincrals Managemers Service and the project was guided by an advi- 
sory pane! 

AIM I] was sponsored by caghtcen orgatuzaioms mcluding tee Amencan Burcay of Stupgeng. 
Amoco, Aroc, Chevron, Cities, U.S. Coast Guard, Comaco, Elf, Marathon, Exxon, McDermont, Mimorals 
Managemerm Service, Motil, Phillips, Shell, Statoil, Texaco, and Unocal 
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Otycctrve = To cxamoene the fcauitwlety of adapming comets logging tectmoiogy to Oe ompecuon of tr 
growied annulus m larpe Giametcr Grilled and growied puics. and heme sdcrasfy Ocfocand 
growed romes tht comeriiwie to roducticms om pele Capacity 


Drilled and growted prices hawe ecomme an ahicmatrve Gomgn comoege to Grrven prics om the offshore 
emvwormern Due to the lag m pele hammer tochmology far decp eater appicamom. Grilled and growied 
pales have heen comadered a viahie replacemers as anchor pales for the compliara Toman Log Platform 
(Earth Tectewtogy C p. 1986) Furthermore. capacety proticms have hoon asaaciaied wrth driven prics 
im Cabcatoous sands for nearly tworty years Drilled and growed piles m cabcaroows sands have extuteied 
Capacties as great or premer than Griven pales om whca sands (Murff, 1987) 

The smetaflatian for érfled and growied pales mmvotves the use of Grilling tectmology and equipener 
Installation esacrmaliy mrvotves drillmg an over size hole, lowering a aoe! Camng. and then fillyng the 
awewilar vend between the sice! Caseng and the surrounding seni with growt However. this imtallapon 
methad and the performance of Grilled and growted pules has not recerved much research atiermon (Earth 
Technology Corp, 1986) 

Unibike im the case of the driven piles, where one can rely on the Grr yz history during mwaallatecr, 
for Capacity merpretation, the drilled and growted pile has mo accepted method for capacity evaluation 
during or after mmtailason = short of am actual load tet «~The tnatelity to adequately and ecomorms ally 
determanme the mmtalied capacity of the Gniled and growted pric remaims a stummbbeng block for ms accep 
tance =A verification methad 1 needed to assure thal the growled armubus ts free of defects such as mud 
chanmets of other grout voids wtuch would reduce the actual puie Capacity compared to the desgned 
Capacity 

Cemem logging has heen comudered a\ a poswble method by wtech the quality of mstallation for 
Grilled and growted piles can he vernfred Cuomer loggeng rs the downhole mapection of the grouted 
annwhus between the soil and a well casing. over the casing's length Typacally, comenm logging ts 
performed by wireline service comparucs winch have developed tools to operate m oil well casengs 

Vanous cemem logging tanls have heen developed to log che annulus of cemented or growted m- 
place well cassnmgs Several downhole tools have the proven atulity to locate anomahes along the secl/ 
grout/uen! ermerface The anomalies can he comstrucd as defective grouted zones created by mud channe! 
img or large voids wtuch allow for unwarted fluid itrumon ito a well Typically, the tools are wsed to 
determine the top of the grow aficr promary comentation, determine the quality of the wocl/growt/soul 
bomd, i.¢.. how good is the bond between the growt and the steel and between the grout and soil, and to 
determine the quantitative coverage of the sicel/grout bond, 1 ¢ . sdentifies the defective growted zones 
with reapect to depth (Earth Technology Corp., 1987) 

Three types of logging tools may have potential for mmapecting the growted annulus for large diameter 
piles refraction, reflection, and muchear 

Refraction tools are used to evaluate the compreserve strength of the growted annulus layer with 
depth Low compressive strengths would indicate that the cercumference of the pipe ms not totally 
encased by grout The principle hehend sormc logging to measure the amplitude of aticnuation of soc 
energy traveling asially (downhole) along the caseng (se Figure la) Atticnuation of the wave energy 
occurs at a loss of this energy to the surrounding medium on cither wide of the casing: mud, water, 
comer, etc Since the particle movernent at the surfaces of the casing is predominantly paralie! to the 
Casing a&is. more energy ts lost through shear coupling to a solid modirum (cement), than to a liquid 
(mud). The amplitude of the first casing arrival at the receiver is thus indicative of how much coment 
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cnetgy. Ge camng 6 made to wites = Tee preecmce of Comore tetund Oe Camng » Gciccacd df &§ crcaics a 
raged dampung of thes witwat.n Slow dampung of vitvaiem mmdicaics a lack of comer (Frockch ct al . 
1981) Reflectrve tools oma and rooerve omergy @ a tadial pamicen wath roast to Oe Cawmg aun ad 
provide an amcrperctasam of Ge grout mmcgrity hy) wang tramemetier fooervers wtuch mmgect a 4$ dogroe 
aramuth The arsmuthal eegecnon of te Camang allows for a meer proce Gcacrmmanon a to a Gcfocts 
carcumicretiial lacatacm 

Nuclear growl tacks rooord te numer of cfc’ gamma rays with reapect to ume «=A com#man 
use for nuclear of gamma fay logging » Gee monmorng of Gee Gctwsty hetund a orl cCamnmg Nucicar 
gros tools are used to bacate the tap of a growied ayer Lows dome zones would have a Ingh cours per 
scoand and vice verwa Figure 3 Gopacts a garema ray log for a growed pape eoctiom In Oe figure. Oe 
tegh count per sccomd readeng mmdacaics a lew dome rome ememodiaicly teturd the woe] camng 
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By applying coment logging technology to drilled and growted piles, sderaificanan of defectrve 
growted zones whach comritute to capacity roductian may he poswhie, and therefore the applic ation of 
thes technology as a Capacity verification methad needs to he evaluated 

Because of the larger pirysscal chara teristics of piles compared to well cawngs, modification of 
cemem logging technology ts required The larger pile diameters and thicker walls presem an obwtacic 
for rehatie performance by standard logging tools To adequately determine the rehatulity of cement 
logging technology for dnitied and growted puics, a “honchmark” test to compare tool imerpretatiom to a 
known candrtian ts requrred 

Located wt the Texas AAM Research Annes is a 20 in. diameter, 4 in. wall, 112 fi. long stcel pile, 
weed as an immert to form a composite drilled and growted pile The sce! pole has heen grouted in place 
with vanows defects moorporated imo the growted annulus By bogging thes honchmark pile, comparisons 
hetweon the imerpreted log and an capected log can he made This would illustrate a neod for further 
tool modification, if nocersary, or verify the acowracy of the tool performance Figure 4 shows the stcc! 
maen ahowt to he imserted «mo the drilled hole 
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Figure 6 — Load Test Pile, 8 in. Diameter, 46 fi. Long 


As a deep water anchor for a tension ieg platform, the soil-pile system is subjected to a umigue mode 
of comstantly changing tension loads — usually cycled about a bias tension load (Muciicr, Audiben, and 
Bamford, 1987) Because of the low tensile strength of grout, the composite stiecl/grout/soil system 
needs to he studied from a fatigue standpown 
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ORyective To develop and venfy cngimcnng analyws pracjodurr tw actcrmerr bydradynamn mading 
efiects m offwhore platforms 


The tradmonal cutreme wave Waty dower erongth methodology has heen ange? wacccesfully for 2 
numer of years A samilar atatcrncre can te made regardeng the normal wave faingue Geagn methedtod 
ogy Several generanom of successful offwhore platiorms have heen Gee result of ts canenemce hand 
approach 

Recem offshore platform loading and reqporme measurement and analysers programs (Rodgenhun th 
1986, Stecie, Finn, Lambrakos, 1988. Bea. Pawery, Letion, 1988) mdhcate Git two aenects of ths 
back ground need to he carefully evaluated The resnomee of platiorms having wgrficara Gynamn forces 
(Figure |) 1s comtrofied by factors that do net necesanty fall writen temtorc waatc demgn methodology 
The performance of hoth shallow and decpe atcr platforms mm reoemt cutreme corms mmdacates that the rx 
may be sources of generally unrcoogmrzed comecry ates m many widely weed formulation of eatx 
wave forces 
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towers The project addressed three key teeues a) calculation of water kinematics given a specification of 
two demenmonal irregular seas are’! a Comphant tower b) computation of bydradynarmec forces, and ¢ ) 
analytical madelong of the platform to determine dyrore« loading and force effects 

The project involved five princepal efforts Hyd . snamic Loadings State of the An Review (PMB 
(a), 1997), Structural Dynamics State of the An Review (PME), 1987). Madeling Procedures Verifice 
tion Studies (PMBi(c 4), 1987), 2000 Foot Water Depth Compliant Tower Parameter Study (PMR c) 
1987), and a Madeling Procedurcs Documemation (PMB i ¢h), 1987) 
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Figure * 


The reaponmers of a 2000) fam water depth Compara Tower Jacket (CTJ) were sucied parametrcally 
(f ere 7) to éetermenme the mow influential factor en the mcwk bmg procedures Koemematy « mevdets 
stuciding madels. and currers w ake erectraction madels were fownd to he the mow emportare factor 
Gcrermiming Ge giohel reapomecs of the CT) Moa of Greer factors reflected thew mou dramatic infly 
ences nm the low frogucncy O@nft reqnormecs and aati forces of the CTI 
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Petrolewn. Standard. Chevron. Fit. Fanon Marathon Mctiermott Moetel Nawal ( 
Laboratory. Shell. Staten! and Teaac 

HEDOP.1l ei! focus on three tryd@reeiynammnc force mewes a) | ow frequen 
complian towers (Temmon Leg Miatiorms) (Figure 8). &) Nea me wave ben 
¢) Load effects m jackets and comphiara platiorn 


wevt ©. f ye ON OOO “ORTON & FORTON OF TF 
fie wer eee we vt 


"eo we RA OFF OF 


OT ae ow 
®, 


nm 


' @ere - 


; 


Fara 7 - Pee» 


rs. F* 


pe 


PIB Swmectms Ey 


HEDOP 4 jom 


PMB Sy acer 


MEIM Wt jou 


PMB S\mern: | 


PUR SN. ae 33 ’ 
ote ee 


PVR Swoon 


Part piark & 
rvin \ es Tri & ’ 
Part ryan 


Retevemrm 


A) Measured and peoduaed wave fic3 
ol : - ‘7TT , ‘ 
MvyGradgwnams mnadenge: sak De am tow 
\ or ®w 
Mructural Cyvnamas ate of Ow at trois 
Ty erty se 
mee) etudy phase | Reger 
: af v = ty & ww" 
; + me ‘ af prt ¥ 2 ' “ ! 
XY ky 
’ ; \ b pew t ine i 
é : 2 s a : be ae tf 5. 
i ’ , 
a 
. » 

‘ 4 
; ~/ ble 
‘ ; .& ; ; : ‘ . wy 

: - 
’ a : > 
; hy ' ’ rs re : \ Ry h 
Cy . "am, ott ee brut 


. | od 5 


-. . 


rut 
; 
— “ 
© F*, ' 
- ry 
. vk 
re 


* Ropers 
Repert 

Tr Lt dom 
‘?ar in wt beer 


Development of RAPRENO_ for Diesel Emission Control 


Principal investigator, Dr. Robert A. Perry 
Techmor, inc. 
2374 Research Drive 
Livermore, CA 94550 


Objective: To develop RAPRENO . a NO reduction technology, for marine and stationary dicse! 
applications. 


Manne diese] applications have rccemtly come under severe resincuons in the southern Califorma 
coastal region. This may impact our nation’s ability to drill for oil from offshore platforms. While 
cenain NO_ control strategies cxist, their potential application to offshore pnmec movers 1s qucsbonabic, 
or at best, expensive. Dicsel generators are a potcnial source of clectricity in remote locatons, such as 
offshore oil platforms. The use of a safe, cost-cfiective way to provide NO. reduction im diesel applica- 
tions would make offshore o#] cx, ration less costly while helping to keep the environment cican. 

The major goal of this proyect 1s to develop the RAPRENO_ process for the removal of nitrogen 
oxides in diesel exhaust. The patenied RAPRE™“O_ process (Perry, 1987) works by adding gascous 
isocyanic acid to an exhaust gas stream. Isocyamic acid is formed from the thermal decomposition of 
cyanuric acid. Reactions of NO and HNCO generate N., CO, and water. 

While the process has been demonstrated on a laboratory scale dicsel engine to remove preaicr than 
95% of the NO, produced (Perry and Sichers, 1986), further work is nesded to develop the technology 
for la .* heavy-duty dicsel applications. The project will provide the basic groundwork nooessary to 
program is to develop a commercially viable control technology for hcavy-duty diese! applications 

Our approach to the developmen of a commercial device for heavy-duty diesel applications involves 
the testing of the process in a multifuel test facility (250,000 BTU/Hr) that is presently under construc- 
tion. In this facility we will explore the effects on the process of oxygen, nitric oxide, and carbon 
m wnoxide concentravons. The gascous products will be quantitatively measured and the utilization ratc 
wi!l be determined for cyanuric acid as a function of temperature. From this data set, a betier under- 
standing of the problems associated with large heavy-duty diese! engines will be possible. 

A second part of our research program involves the modeling of the test results using a computcr 
code developed at Sandia National Laboratones. Chemkin, a computer code that has been used to model 
combustion and NO. reduction technologies will be used too, and insures a fundamental base for 
extending the results to large diesels. 

The flow diagram of the test facility is Mustrated in Figure |, and the details of the combustor are 
shown in Figure 2. 

The combustor consists of three main sections: |) the combustion and cooling section, 2) myection 
section, and 3) test section. Natural gas, or diese] doped with nitrogen containing compounds, ts burned 
in the combustor. The combustor section is nominally 7 inches in diameter and 30 inches long Gas 
temperatures leaving the combustor section and emicring the injection section are controlled by a senes of 
adjustable water cooled probes. The insertion depth is vaned to control the heat removal by cach of the 
probes. 

Isocyanic acid is injected imo the two diamctrically opposed 48-inch diameter injectors. The 
injector section is a venturi section having a 3-inch diameter throat with the exit increasing to match the 
8-inch diameter test section. A thermocouple pon is located | inch above the plane of the injectors 

The test section is 8 inches in diameter and 95 inches long (cxit of the injocuon section to the exit of 
the combustor). Sampling ports are located along the walls. Addinonal ports are located across from the 
sampling ports, 2s shown in Pigure 2, and these latter ports are used for thermocouple access. The test 
secuot, has two independent clectncally heated regions to help maintamn isothermal conditions 
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The combustor is fabricated from a castable insulating refractory The walls are nominally 5S inches 
thick along the test section. The castable refractory material is wrapped with 4.5 inches of Kaowool 
ceramic fiber insulation and the compicte unit housed in a steel casing 
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Gas flows to the unit are metered with rotameters. All temperatures are measured with ceramic 
stucided Pi-Pi 13 percem Rd thermocouples. A calibravon is established between these thermocouples 
and a suction pyrometer and the truce gas temperature oltaimed Guring routine testing using the shucided 
thermocouples and the correction factor obtained from the suction pyrometer. The suction pyrometer 
temperature, considered more accuraic, is approximaicly 60°C higher dian the shucided thermocoupics 

Residence times in the unit are changed *- ~arying the sampling location ai a fixed throughput 
through the combustor or by varying the o-svustor throughput 

The typical ranges of combustor operating paramcicrs are summarized in Table |. The baseline 


operating pow 1s shown mm pareniheses 
Table 1 — Combustor Operating Parameters 


Firing Rates: 70 - 350 kBtu/hr (150,000 Btu/hr) 
Combustor Flow Rates: 15 - 70 scfm (22 scfm) 

Test Section Velocity: 5 - 33 ft/sec (8 ft/sec) 

Test Section Temps: 400 - 1400°%C (1100°%C) 

Residence Times: 0.05 - 1.8 seconds (1.0) 


Test Sec. Reynolds No. 1,000 = 10,000 (2,200) 


Gaseous and solid samples are ottained from the combustor using a water cooled gas quench probe 
A thimble separates tae solids and the gas sample is transported to the gas analyzers through a heated 
teflon sample line. 

The flow reactor is instrumented with advanced state of the ari imstrumentation, including a Fourcr 
Transform Infrared Spectrometer that has been equipped with a 6 meter multipass gas cell having ngh 
sensitivity for such gas species as HNCO, N.O, NH,, HCN, CO, NO., and NO. This system allows for 
the simultancous detection of a wide vanety of infrared active species having sensitivity better than 
Ippm. 


Summary 


This program sponsored by Technology Assessment and Kescarch Program will provide the data 
base for the design and operation of a NO. reduction prototype for large manne diesel applications We 
will explore the effects of temperature, oxygen concentration, residence time, surface initiation, combus- 
tion species and cyanuric acid usage on NO reduction. In addition, we will develop a chemical kinetic 
model to better predict the most effective way of implementing RAPRENO_ for marine and stationary 
diesel applicatons. 
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ice Impact With A Cable Moored Platform 


Principal Investigators: Wilfnd A. Nixon 


The University of lowa 
lowa City, lowa $2242-1585 


Objective: To determine the forces and displacements undergone by a cablic-moored platform 
impacted by both sheet and rubble ice, by means of model sce tank iceting 


Drilling for oil in relatively deep (> @D fi), ice-covered of ice-infestod water poscs a number of 
problems, not the icast of which is the provision of a stable platform ‘rom wtech dniling activeties can be 
conducted. One solution to these problems is to use a cable-moored platform (sec Figure |). such as the 
“Kulluk” platform which has operated for a number of scasons im the Beaufon Sca 


AJ 


Ay 
NC 


Figure | — Cable Meored Platform Similar te “Rufio” 


as 


However, while “Kulluk™ has operated wath sucocss, there roman to be answered 2 number of 
concems for the designers and operaiors of such platforms. Obviously of mmportance are the forces and 
dynamic response of the platform as a cmcoumicrs a vancty of dificrom uc types. Knowledge of the 
éynamac response “envelope” of a platform wll cnabie more cficctrve Gocomons regarding cmerpency 
movernem of the platform to be made 

Another arca of concem 1s te probiern Causod by sce undcr-nmding the platform and potcnitially 
damaging the Gnilsinng. Indeed, dus may be the most emportam factor m dcicrmemng safc opcrating 
cond:mons for the platform 

in order to cxamine more fully the bchaveor of cable moored platiorms m ice mmicsted waicrs, a acres 
of model tests were performed uung the lowa Inuinute of Hydraulic Research (IIHR) loc Towing Tank 
(see Figure 2). A 1:45 scale model of a comical cable-moorcd platform (shown mm Figure 3) was uscd in 
the tests, and empact velocity, sce strength and heave, puich and surge restonng forces were appropriatcly 
scaled 


ee 


Figure 2 — THR ice Towing Tank 


Figure 3 — The Mente! Platform 
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Two ice condimons were cuamined First. shocts of sce of warying Gucknmess (20 t0 40 mm) were 
pushed against the platform af velocitics between 0.2 and 0.02 ms". Two “mooring” conditions of tx 
platform were used m tus cxpenmerm. in de firs comdmon a was fixed and could not move as a result 
of ice umpact. For tus case forces m the surge and heave Gerechon, and the peich momen, were meas 
wed. The sccond condition was termed “moord”. in thus case, Oe platform could surge heave and pach 
(though & was comstraincd from yawsng, rolling, and swaying). The moormng cable rcatstance was 
modeled by a ical spmng assembly. and restonng forces to heave and paich mopon were provided by the 
buoyancy of the platform Two drepiacement transducers and three acocicromeiers were mouried an the 
platform The mstrumenied platform ts shown m Figure 4 


Figure 4 — Instrumentation om the Platform 


A total of 42 tests were conducted for ice sheet impact with the platform. Fifteen of these were for 
the “fixed” platform, 7 for the moored platform with a mooring aiffness (model) of 1.7 KNém and 20 for 
the moored platform with a stiffness of 0.5 KNAn 

Both moored and fixed platforms capenenced mcrcaseng surge force with mcreasing we thickness 
(see Figure 5, which shows only one ice strength and one ice velocity condition) h can be seen that the 
forces on the fixed platform are somewhat greatcr than for the moored platform Note that mean force 
values and mean valucs plus two standard deviations are shown on the graph For the fixed platform. 
heave force and pitch momem show the same trend with woe thockness, as do heave displacemem and 
pitch angle for the moored platform. The effect of ice velacity on forces and diaplacements is to some 
extemt masked by capenmental scatter, and, thus, no clear trends are apparent 

A dynamic (fowner) analysis of the recorded tume serecs was made From this analysts «@ was appar 
em that the dormimara frequency for the fixed platform respomec was the bre akong froquency of the ioe 
This was also true for the peich angle and heave dieplacemmcm of the moored platform However, the 
surge force response of the moored platform was dominated by the natural surge froquency of the soe 

Two other importara results were found mn this part of the study First, the surge force capenenced 
by the platform cxuleteted a miremum with moonng stiffness (sce Figure 6) Thos suggests that may be 
possible to adjust moornng cables on a platform so as to meremize forces om the platform, and this ts 
being further cxplored in the 1988 proyoct’ The other result of mmpornance was that sgmficant amounts 
of toe were forced under the platform during cach imecraction cvert Thus suggests that demgn of the 
platform “shin” must he adyusted to menemize such subduction everms 
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The second ice condition examined was that of rubtile tce ~Rubitile toe was formed im the test tank by 
growing a number of sheets to the required tuckness ($ mm and 25 mm). then breaking up the sheet and 
storing the broken fragments under insulation unt:! sufficient rubble had heen formed for testing 

Thirty-two tests were performed at tee rubble layer thicknesses (single layer tuck, SO mm thick 
and 100 mm thick) and at four impact velocities between 0.02 and 0.20 ms’ Figure 7 shows a test in 
progress Tests were only performed on the “moored” platform configuration 

At all velocities, surge force mcreased with mcreasing layer Guckness, as did the heave dieplacemem 
The mean angle of prich appeared to show a maximum with layer tuckness, possibly because of reso. 
nance effects (see Figure &) The displacements and loads did not actueve a steady state, as shown in 
Figure 9, whach is in comrast with previous work by Mateuisty and Emerma Thus ts because, rather than 
a stable “prow” of ice forming and remairung im from of the platform. a prow would form. he stable for a 
while (the flat pant of the curve im Figure 9), then slough off causing the load to nse 

As in the tests on sheet sce, scatter masks any trends of forces of draplacements with mmpact velacity 
Certaimly there 1s no strong dependence on the surge force or the heave and prich diplacement on the 
velocity 


Figure 7 — Rubtte bee Test ie Progress 


- 
. 
: Ps 
7 
’ 
" > 
8 er we a 
yee we Meo ae Soe ew on™ — 
; 
a > 
i / 
: oo | 
te 
J 
ee Figure © — Time Mistery fer Ratite bee Tew 


ence 


). #@e~ we 


Figure 8 — Representative Reswits Ruttte bee Teots 
Serge Force, Heave and Pick vs Laver 
T tele bh meee 


( onc luson 


Scale-model testing has shown that the mow wgmficarnt factor on detcrmenmng loads on a cabic 
moored platform im ice is the teckness of the soe, regardices of whether the soe 1s a wenghe monolethac 
sheet or in the form of a rubihic ficld Also of empornance m the maoring systicm aiffness The dynamics 
of the ict iteraction process are dominated cxther by the breakong frogucncy of the soe of, for the surge 
forces only, by the natural surge frequency of the platform 
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Blast Effects on Marine Life from Explosive Removal of Platform Legs 


Principal levestigator, Joscph G. Commor, ir 
Explomon Dynammcs Branch 
Naval Surface Warfare Comicr 
Siiver Spring. MD 


Otyective) To dctcrmine the effects of oil mg leg severance caplomom on marine bifc 


Oil Gnifleng platforms that have served Ghow purpow mus be romoved from navigatic wen Left m 
place, they peescrt obstrucboms to general navigation as well as to net fiteng operabom The proces of 
removal 1s mos cfficenmily begun by cuplowvely scverng the legs some Grtance beneath he amtecrs 
homom An caplourve charge 1 dctomaied mnade the hollow pulengs and mecrs that descend emo the 
seabed The cuplowve severance operation showld te carned out wrth battle oF no dctulaaing effect on 
local marine life 

Detonation of an cxplowve underwaicr praduces sudden changes m amiecrs comdmiom as energy os 
released and propagaics away from the detonation ete ~The effect of tee cuplomon 1m measured by the 
amplitude and duration of over. and under prewure pulecs amd the raic at wtech energy and mormertum 
are trameporied away from the cuplomon (Cole, 1948) 

Damage to a nearby otyect depends strongly on the structural dctarls of the otyect and mts wurrownd 
mgs Some ofyects are damaged by a sharp mcrcase im pressure beyond a critical theewhold level. others. 
swomply by the push delrvered by the cauplowon shock enpulec 

If the umpulse ts delivered in a penad of time. anprouemating the penad of natural vihratrom of the 
otyect, reasonam vibrations occur Vibrabon amplitude mcrcases, usually eth comecguctt severe 
damage Such resonances appear to he the dormant damage mecharmem for trological enecemem 
comtammung gas-filled cavities Examples are the ewom bladders om certasn fiwh. the bumgs m aer beratheng 
mammals, and the various tissues thal Cortam emall packets of gas mm mary other creatures (O Keefic 
1984) 

A scremtific program had heen devised to define the blast pressure wegnatures asenciated with the 
explosives used by the industry for platform removal and to cxamene the mmpact of these pressures on 
sea turtics However, the program has heen modified hecawse of two unforeseen corcumsances The 
Navy has heen restricted from detonating cuplosrves om its test areas of the lower Poromac River and 
Chesapeake Bay Other snes have heen examined but none, wtech are avarlatic. are surtatte for ws 
exapenmen where a soft hotom and long honzortal range are necessary bm addron. the wae of sea 
turtles for test purposes has heen fortedden by Federal authorises Though at some pout these scront fic 
data should he attarned, for the purposes of allowing the mdustry to comtenuc ther operational wee of 
explosives, an imerm solution ts hemg sought 

hts tughly likely that authorities will permet in sete blast removal of platforms under cormrotied 
conditions These stipulations include dctonatioms of 50 pownds of caploerves, } im helow the mudirne. 
mmde a platform leg or nser In addition. the tests would have to he hegun mm daylight. and preceded hy 
the underwater examination and clearance of the test area of amy turtles The Navy will work coopers 
trvely with the industry to string fs pressure scmeng array (wtech has honzortally and vertically spaced 
pressure sensors) from the platform to a vessel where data will he recorded Figure | shows the configu 
ravon hts quite likely that the momnonng vewe! will he a Moating dernch used for removal aperation 
ht ts also lkely that Composmon C-4, Compostion B. and probably nitromethane will he the caplosves 
tested 
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Bigere | — Pressure Semetmg Serie (onli ete 


The capermmers prohatty ell nee measure free mide act detomaticrn to gather hase leme data mew «| 


wc tude turties tat. immcad ell provide warful eformation om the pressure epnateres ete h can he 
expected for the types of tubwlars and captoeves temed 
h vs expected that the program can he accemnpirshed during the lamer mores of | GRE 
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ORyectrve = To eeweemgate Ge fehavecr of reers and Cattics eubyert to large sheared flow curremms 


The peodactecem of tee flow mduced wihratecm roupomec of lang cytimden. Gopioyed om sheared flows. 
8 a protien of great practkal ompettance The applications wary from catreme?y long catiies that cubutet 
Qe éynamn het of sywicrm of mfimmc length to relatrvety whom and rfl pcr. comducton. and 
papetiones, efach reqnersd to vortices whiedding om onfy a irw of Oe bees natural mades of witr ann 
Recemily commdcratic anetmem has heen grvem to the wae of comnphars peaductian macs These howe 
M&e cytimders are weually depieyed wah rather low tonmcm and are Geughs to be rather tughty damped 
However, tere rs relatrvety bathe known atest thee peepee under voice shedding comdimam One of 
the otyectives of Gus rem ch proyect was to eweetgate the regpomer of low tommon hoarse as beg”) 
temman cylinder 

Fred capermmeres have heen conducted am the vores enduced witeaion of cables and reer emce 
197S bn the earty tews the crephiaen was om the study of the wihraon reapomer of © binder: im utmeform 
flow Resomare lactem was the phenemnenen of greatest wmerest and comcern @ Gee tame Lackim typecally 
resulted im reepomec ampieudes of t | Giameter By the aummer of 1986 the mame of the am had reached 
the prowrt that reanomee prediction madets were heeng sought for racts om cheared flows as cppemed b> 
uteform flows Sheared flow causes vibration reapome efach mctudes the exmultancous reepomer of 
marry natural mendes 

A research project was conducted an the flow enduced wihratiom reaporme of cables and reer im 
sheared flows The research work began erth an capermerst im the summer of 1986 mm efech an capen 
mertal cylinder was tewed om a coreroflatie sheared flow The results of the caperwmmerns quxtly re 
vealed the meportance of hydradynamsn dammpeng om the corel of flow mmduced vitranan Mydrady 
nate dampeng had new heaton ally heen of comoem when commdenng resonant lacten reaporec 
uteform flows hut ¢ was drscovered to he of unusual umporance om regulating the reagnomec of cylinders 
m sheared flows 

The data from the experiment was weed to develop a reanamec prediction made! fe1 sheared flow 
cComdrtions In the remamder of thes reper the capermerts are descrited the darmpung made! 1s raro 
Quced. the reapomee prediction made! 1s descrited, and predictions are compared to measured field data 

Fapermerts were conducted durnmg the summer of 1986 The test ene was a mill canal tus m 1848 
mm Lawrence, Massactunetts A dam drverts water from the Merrumact River no the canal The flow ts 
comtrotied by fowr vertical sutmerged hoticwn anermng gates, wtech are qpaced at equal honzornal 
wmtervals ima gatehowse at the head of the canal By corerofieng the vaniows gate aperengs a sheared flow 
can be developed horizornally across the width of the canal, efuch ts approuemately 58 feet The test 
Cable lacation was approwmatcly 250 feet down stream of the gatcher ne The cate was tenmoned 
horizontally across the widrh of the canal ahowt | fact under the surfacc of the water, as shown im Figure 
| Heavy steel pape supports transferred the cate loads to the walls of the canal Tomson was applied to 
the catile via a symem of pulleys and a hand anerated winch 

Frve feet upstream of the test cable a sempile traverwng mecharmem was comstructed to carry an 
OCW CUFFETK Meter to amy postion hetween the canal walls The current profiles were measured prior 
to reapomee tests The results of three differert profiles are shown om Figure ? The steepest profile was 
approuimnaely linear with a peak Mow velacety of 4 feet per second and a meremum flow velocity of 0 $ 
‘eet per second Minus indicates a flow reversal A milder shear flow was generated wtuch ranged 
approuimately linearly from 2 feet per second down to zero A therd profile was generated wtach was as 
Close to uruform as posible 


Figure | — Sheer Piew Tet ( onfigeration 
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Figure 2 — Measured ( errent Profites 


The flow a all Gmes was tnghty turbulers with the RMS turbulence level varying from 10% to 20% 
of the mean of the profile An emportara conclusion is that the turhulence did mew aher greatly the vibra 
non of the cable when compared mm a subyective way to other ~aperwmertal reewlts such as those made in 
carer years at Castine Marne The turbulence did however make the vibration reanorme have a broader 
frequency handeidth and preversed pure tome lactin from accurmng even when the cable was deployed 
m the nearly ureform profile 

The 58 foot long test cable is chown in Figure 3 ht consisted of a 1.125 inch outside diameter, rubber 
hose with a 0 $ ench inside diameter Seven () 16 mmch diameter, braided. kevlar cables were carned mmmde 
the hose providing the strength Each keviar cate had 7 comductors mmende of a Sit teanial parr of force 
balance accelerometer: were placed om the cermerime of the catle at lacatiams shown om the figure 

The twelve accelerometer outputs. tension, and currert data were carned via a mult) conductor « atic 
frown the test catile to the gate cormrol howse where a computer data acquisition system was kx ated 

On a cylinder in a flow tif forces are generated by vories shedding The frequency of the lift forces 
8 proportional to the flow velacwy Therefore im a sheared flow profile the vores shedding frequency 
and hence the bft force frequency vanes along the length of the cylinder mm relation to the vanation of the 
flow velocity along the cylemder As a commequence of twe the lift force frequency will commode with 
Gifferers natural frequencies at differera spatial lacatorms along the cylemder depending on the variation 
im vortes sheddeng frequern y These ts depacted in Figure 4 wtach shows a sheared flow profile encoun 
tering a cylinder The figure depacts a regicn where the second natural frequency is comciert with the 
local vories shedding frequency In thes region power rs eryectod emo the «athe at the second natural 
frequency. and outede of thus region the fund provides a met dampeng oF a sowrce of power flow out of 
the cate for vibranon at the secomd natural frequer« y 
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This ts quite differen from uniform flow lackin condition m winch the vories shodding frequen y « 
symchroruzed with the natural frequency over the entire length. leaveng no subwtarmial regicn for mydrenty 
Lamec Gampeng to play a sgreficare role Under sheared flow conditions the regiom. wtuch do net 
comcde with the particular natural frequency of meres, are wereficard sowrces of hydrodynamic 
Gampeng In the cxpenments the ammount of hydradyname damping was measured and 1 was also 
predicted on the basis of models which are described in Vandiver and Chung (1997) 

A particular example will be used in the rest of thes report in wtech the lowest natural frequency of 
the test cable was ahout 092 cycles per second, and the cable was exposed to the moderate shear flow 
profile, wtuch vaned lnearty from zero to ahowt 2 feet per second The corresponding vores shodding 
frequency varied froer sero up to ahout 4 cycles per second over the apan of the cable The first, second, 
therd, and fourth made each had repioms where tt was G@riven by the vorics shedding process The struc 
tural dampung of the cable measured im air by trammert decay tests was less than 0 9% of critical dampeng 
for these modes The hydrodynamic dampeng for thes catve vaned from approwmately 24% for the fire 
made, decreasing 4 8% for the fowrth made Hydrodynamic dampeng im thes capermen was the corer: 
ling Garmpeng mecharnem for thes cable 

In thus research a method for predicting the resnommee of cables om sheared flow: was developed The 
prodkcton madel mcludes the cffects of correlanan length. hydradynarms Gampeng. 1) coefficient wrth 
tagher order harmarncs and turhFuleme Thrs made! 1s completely descrifed im Chung (1987) Vedirver 
and Chung (1988) One example ts grvem here The test catic had a tonmoan of 49 pounds and a anecefic 
gravity of | 34 The shear flow profile used mm the prediction varied nearly from vero to 2 feet per 
second The made! was weed to product the acceleration reagnome spectrum at two lacation: on the 
cylinder The two locations anecified as fractiom of the length measured fron one end were at L/S and 
13/16, thus giving locations that are on extreme onpoene ends of the cable The reanomme lecation a 1 
is in the ugh flow velocity region of the shear The other reapomer lacation is im the low flow veloc 
region The details of the resp se prediction made! are net grvem here best example reeults are shown on 
Figures $, 6 and 7 Figure $ shows the predicted acceleration spectrum af the two location: The pre 
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dxted reapmmecs are G:flerers premaniy because of the effects of dammpeng Figure 6 shows hath the 
predicted and measured reanomac of the (able at poem | /h and Figure 7 shores the Carpanacn fe 
tween predated ard moasured reapomee a ' M/16 The agreemera 1s quate goed in these « anes the 
predkcted and measured RMS dreplacemers reanomacs were approummately () § diameter for hegh lena 
teers 
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Figure 7 — Compeartaoe of Predicted and Measured Response et 1 M16 


The objectives of the continuing research are to enhance the response predicton techmques to be 
able to handle more general problems such as cylinders with spanally varying tension and bending 
stiffness. Fatigue is an important consideration for offshore applications such as tenmon ieg platform 
tension members, production nsers and conductors. The prediction of fatigue life requires knowledge of 
not displacement or acceleration response spectra but knowledge of stress spectra at important locavons. 
One of the objectives of the new research project is to formulate response prediction tools so as to 
produce results directly in terms of stress spectra 
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A New System Identification Technique Based on the Random Decrement 


Signatures for Damage Detection 
Pencipal investigators: Dr. Jackson CS. Yang Dr. Nabth E. Bodewi 
Umiversity of Maryland Advanced Technology & Rescarch Corp 
College Park. Maryland 20742 14900 Sweitrer Lanc 


Laurel, Maryland 20707 


Otyective. To cxnerumertally demonstrate and vernfy the applcatulsty of a system sdcmmficanon 
techmgue based on Random Decrement signatures for modeling and damage dctechon in 
large structures. 


idersificanon of the system parameters of a randomly cxcited structure may be weaied using a vancty 
of statistical techrngues. Of all these techmques, the Random Decrement 1s umque im that i provides the 
homogeneous component of the sysiem response Using tus quality. a system identification techmgue 
was developed based on a least-squares fil of the mgnatures to estimate the mass, damping. and stiffness 
matrices of a linear randomly excited sysicm. The mathematics of the techmque were presented by the 
principal investigators in Bedews and Y ang (1987) in addition to the results of computer simulations 
conducted to demonstrate the prediction of the response of the system and the random forcing function 
initially imroduced to excite the system. The results of an cxperment conducted on an offshore platform 
scale model to verify the validity of the techmague and to demonstrate its application in damage detection 
is presemted 

Given a randomly excied linear muliidegree-of -freedom system, response data is omained at several 
locations. A model for the system is assumed in the form 


imjxX + (Cc) K + (CIX=F @) 


where {M) and [K} are real symmetric matrices representing the mass and stiffness of the structure, |C} 1s 
a nonproportional, real, symmetric damping matrix, F is the forcing vector, and X and its time deriva- 
tives represent the response of the system Random Decrement and cross-Random Decrement signatures 
are then obtained from the response data thus forming the homogeneous components of the response. 
Substituting the signatures in Equation (1) and noting that vector F is zero, a least squares fit is then 
performed with the assumption that one of the clements in the system matrices is known. 

A 1.13.8 scale model of an offshore platform structure was set up on outdoor carth ground. The base 
of the structure was welded to a stee! (box type) frame, then both were lowered into a 6'x6'x7' pit hole. 
The pit was then filled with wet concrete up to the base of the structure and lefi to cure. 

The model structure consists of four legs made of 2" diameter, 0.25" wall, steel pipes. Figure | 
shows the configuration of the structure with its dimensions and labeled points. A pendulum was sct up 
to provide randoxa impact excitation at point 13. The responses at points | to 13 were monitored using 
accelerometers screwed into threaded aluminum blocks attached directly to the structure. 

The first experiment was conducted to verify the reliability of the system identification technique im 
obtaining a model from Randomdec signatures. To accomplish this task, the response of the structure, as 
well as the input to the structure, had to be measured. 

Four accelerometers were mounted at locations 4, 6, 8, and 13, and a load cell was firmly attached to 
the tip of the pendulum hammer. The structure was randomly impacted for 20 seconds while the output 
of the five transducers was recorded on analog tape simultancously The five channels were then digit- 
ized at a sampling rate of 1000 Hz after passing through a low pass filter set at 125 Hz. The cutoff 
frequency of the filter was selected based on a maximum system frequency of interest of 85 Hz. 

The \ime record at location 13 was used for tniggering the signatures. Figure 2 shows the Randomdec 
signature for location 13. The system identification techmque was then employed in conyunction with the 
signatures to calculate the 30 unknown parameters in the [M}, (C}, [K} matrices. Four sets of matrices 


were initially calculated, cach sci corresponding t one fixed clement im the stiffness matrix. The four 
sets of matrices were then averaged to obtain the best cswmaie for the model 
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Figure 2 — Randomdec Signature of Time Response at Location 1) 


To confirm the accuracy of the established model, the three system matrices were substituted into the 


set of differential equations describing the system, Equation (1), and the second derivative of the load 
applied during the experiment introduced as input (the derivative is taken since the signatures were 


obtained from acceleration records) The initial conditions were extracted from the measured response of 


the system, and Equation (1) solved numerically. A step size of 0.001 sec. was used corresponding to the 


tume step of the sampled data 
Since the estimated system parameters were not originally scaled to match the actual system in 


magnitude, the response had to be scaled to facilitate the comparison. This was performed by multiplying 


the estimated responses at the four points by the average of the ratios of the standard dev-ations of the 
measured responses to the standard deviations of the estimated responses Furthermore, all the responses 
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were muluphed by -1 sence they appeared to be murror wmages of Oe actual respomecs abou! the ume 
axis. This change im sign is a legitimate sicp since Gee same effect could have been achieved by scaling 
the system matrices by -!. 

The sesults of the comparison at poirt 4 are shown in Figure 3. The plots indicate that the prodicacd 
sytem respomerc 1s m good agreemem with Oe actual response 
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Figure } — ( omparteon of Measured va Predicted Responses at Point 4 


Another approach to verify the accuracy of the model is to compare the measured force with the 
predicted force Therefore, the measured system response was substituted in Equation (1) with the three 
estimated matrices and the force vector calculated. Again, the output was scaled for comparison. Figure 4 
shows the predicted force time record and the second derivative of the measured force time record at 
location 13. The forces are in good agreement when a force is being applied, but some large oscillation 
exists in the predicted record when no force is actually being applied. Careful inspection of the figure 
reveals that the oscillations have a frequency of 125 Hz, corresponding to the frequency of the filter. 
Figure $ shows a comparison of the forces at locations 4, 6, and 8. The magnitude of the predicted forces 
is small relative to the force at point 13 (these records were already scaled using the scaling factor 


employed at point 13). 
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A useful applicapon for x symiem sécrmficapon techengue 15 Oe dciecuon of changes m the sysicm 
parameters rcsulting from induced Gamage A large crack im a structure would Gocecase Oe local saiff- 
ness, thus reducing onc or more of its natural frequencecs. On the other hand, 2 comoded section of te 
structure might reduce Ge localized mass as well as Gee sfiness. Therefore, by calculating Gee symicm 
matnoes commsiemily and companng them to the matnoes of the ongmally perfect symm. Gee occurrence 
of a Gamage. and possibly ms sdormmay, might be dctccacd 

Although @us approach for a Gamage detection cricnon ss theorctacally fcasible and effectrve, a 1s 
mt casy to emplemer im pracoce The difficulty anecs mn emerpecting the Changes m the system made! 
and mm beang able to commect the differers changes wath the types of damages that could have rcsulied in 
thetr occurrence. In addition. a 1s pounibie that some parameters are more mcamingful than others om thes 
appbcanon. For cxampic. the diagonal clemerts mm tee mass mains are more scmetrve to Changes om the 
mass af ther respective locations than the off diagonal clemeres 

The stiffness matrix is somewhat more difficult to aralyze than the mass matrix. From the pours of 
view of Gamage dctection, i ts more appropriate to obacrve Changes mm the ficuitelty matrix than the 
stiffness matrix This can be casily vernfied by commdering the static cquabons descriteng a mulpdegree- 
of-freedom sysiem, namely 


[(Kj}XeF (QQ) 


Defining the ficxibility matrix as [A] = [K}', Equation (2) becomes 
XelAIF «@) 


Assuming the system to have three degroes-of freedom, Equations (2) and (3) may be cxpanded as 
follows 
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it is clear from Equations (4) that k, represents the force at point i when « = | and x, = 0 where k # j. 
This is rather difficult to visualize in a complex system. On the other hand, it can be scen from Equation 
(S) that a, represents the deflection at point i when a unit load is applied at point ) Besides being more 
physically realizable, any clement a may be meaningfully treated separatcly 

The next issue to be addressed is the significance of the diagonal and off-diagonal clements im the 
flexibility matrix. lt has been traditionally accepted that only the diagonal terms need to be considered 
since they strongly reflect the absolute flexibility of their respective locations. This is not necessarily the 
most effective approach though To demonstrate that off-diagonal elements are a better indication of the 
flexibility at a point, consider the system shown in Figure 6a. The beam is of length L and is rigidly 
attached at both ends If three equidistam points are monitored on the beam, the resulting flexibility 
matrix could be found using simple “strength of materials” tables to be 


2.197 2.604 1058 

5 

[A] = |2.604 $.208 2 04] “0 
1.058 2.004 2.197 


where E is Young's mod tus of Oe material and | is the Cross-sectional areca momets of incria of the 
beam. Now, taking the cutrem ¢ case, suppose Gut the beam was cul al some pows between locations | 


and 2. resulting in two camnilever beams of uncqual lengths (Figure 6b) The nce ficuitely mains of the 


Gamaged symiem 5 
$208 0.000 oon 
IAY = | 0000 41.667 iso} =p 
0.000 13.020 $208 


Figure 6) — ( onfiguration of Damaged Fined Fined Ream Seperstion Inte Teo ( antilever 
(Fined Free) Beams 


A matrix (R} may now be constructed where cach clement 1, is defined as 


4 
— os 
2371 0.000 0.000 
iR} = |0.000 8.000 $000 
0.000 $000 2371 


Graphing the diagonal terms as a function of point location (Figure 7a), and notir.g that the beam ends 
have a ratio of |, it would be deduced that the damage occurred at point 2 duc to the symmetry. On the 
other hand, if the off-diagonal elements of the adjacent poits are plotied between the two points they 
represemt (Figure 7b), the damage would be correctly identified as being between | and 2. It is of vital 
importance to note that for diagonal terms the steepest peak represents the damage whereas for off. 
diagonal terms the steepest valicy represents the damage This is because a load applied at a point next to 
the damage would cause the point to deflect more than it did before the damage was introduced, whereas 


the poi on the other side of the damage would deflect less than it did before the damage was intro- 
duced 
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Figere %o — Prot of Pen iltiry Matrts Diagonal | ements 
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Figere "> — Pret of Piexibiiry Motrin Of (tagonal b semernm 


This example may be expanded intuitively 0 comader te mucrmediate cvers where the Cul ts not 
severe cnough to separate the beam If the beam is assumed to be composed of two apmngs. one ropre- 
senting the porvon to the icf of the damage. and the other the porpon to the mghu. then the deflection on 
exther mde of the damage would be mdirectly proportional to as respective spring suffnes In terms of 
the flexibility matrix ratio, this would mean thal the terms which were zero would begin a | when no 
Gamage cxists, then decrease as the Garage size creases, until the lemating value of zero 1s reached 
when the cut goes all the way through the beam Conversely, the off-diagonal terms larger than | would 
begin at unity for no Gamage and finally reach some firute lemiting value for the through cut Figure 7c 
depacts thus process showing the direction of change im the off-diagonal clemmerts On the other hand. the 
rano of the diagonal clements would always result in a symmetric curve regardless of the severity of the 
damage (Figure 74) 
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Figure 7d — Transition of Diagonal blements ex Demage Increases 


An experiment was designed and conducted to verify the accuracy of the proposed damage detection 
criterion. The experiment was composed of two identical parts, one performed before the damage was 
induced, and the other afterward. To ottain the response of every labeled pownt on the structure, each part 
was actually carned out four times Since four accelerometers were used, one accelerometer was kept at 
poi 10 while the other three were moved to differemt locations for each run of the experiment. The four 
sets of monitored points were (1,2,3,10), (4,5,6,10), (78,910), and (11,12,13,10). The collected data 
were processed in the same fashion described carler 

Since station 10 was common for all the sets, it was used for tnggering while cross-Randomdec sig- 
natures were obtained for the other points. This resulted in four separate Randomdec signatures The 


four signatures, shown in Figure 8, prove the repeatatulity of the techmque 
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Figure 8 — ( ompartane of Four Indeprndenth) Obtained Ramdomde: Signatures at Lar ation 10 


A @yough cul was made with a hand saw at the cross member octween points 5 and 6. The same 
process was repeated and twelve cross Randomdec signatures calculated Figure 9 shows the Randomdec 
signatures at location 10 before and after the damage was induced The changes in frequency and phase 
are quite apparent 
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Figure 9 — (Change in Randomder Signature of Point 10 After Damage 


The system identification techmique was then used in conjunction with the two pairs of Randomdec 
signatures at poirt 10 and the two pairs of cleven cross-Randomdec signatures at points | to 9, 11, and 12 
to ottain the system parameters before and after the damage. This resulted in two pairs of 12 « 12 [M), 
[C], and [K) matrices. The two stiffness matrices were invented yielding two flexibility matrices, and the 
ratio of the respective elements taken Table | shows the ratios of the diagonal clemet.ts and the off- 
diagonal elemerts representing adjacent points Figure 10 shows the diagonal ratios plotted directly on 
the structure ht is not clear from the figure where the location of the damage is The plot of the off- 
diagonal ratios on the structure is shown in Figure 11 Noting the fact that the lowest ratio indicates the 
location of the damage. #t can be deduced from this figure and from Table | that the damage is residing 
somewhere hetween pownts $ and 6 
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C com turtecores 


An cepermet: was conducied an a xcale model of an offvhorr platiorm wructure to wert) the 
applicability of Ge symom séceeificatien iechengee weraduced mm reference Bodews and Y ang (1987) The 
tecteague was croployed to cotta a mathomacal made! of Gee mructure from. Gee randcam rowgerme Cama 
Thus made! was then used to peodact Oe reper of Oe mructure and Ge forcang furctace erwti ally 
weraduced to cacue Oe mructure These rosults compared favoratly ewh Oe measured Gata 

Finally. an approach for Gamage deiecnon and lacabon was demormarmed Qrough the mverwom and 
compartsan of the stiffness matna before and aficr the Gamage was wreroduced The wae of a sempiic 
example revealed that the off ciagomal clemeras are more efiectrve m kxcatimg the Gamage than the 
Giagonal clemerms The cxpermmers coméucted om the scale made! of the offuhore platform comfirmed 


these findings successfully 
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Quality Comtrel Tests for Weldeeet Fracture Toughoars 
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Otycarrve To review and assces tow mets weed to measure the fracture toughmess of moc! 
weldémerns. and to recommend metheds for quality commral perposcs 


For offshore structures. marry indumtry aandards and company specifications require (or perms) 
fracture toughmess testing to assure satisfactory rewmarce to beutle fracture Increasingly. the crack up 
operung Gruplacemers (CTOD) methad 1 heimg used for loughmess measuremeres because the results can 
te used to evaluate the mgreficatce of defects try the faness for purpose methods 

When CTOD specemems are nonched at vanows lacations in steel weldmerms. the toughness vabucs 
exbubet a great deal of scamer Careful cxamenation of the mow brttk anecemens has rewealod that certian 
microstructures that may occur mm the heat affected rome (HAZ) are susceptible to brittle fracture Based 
om these observanoms, detasled procedures have heen developed to assess the fracture toughness of lnc al 
regions within the HAZ Useng these procedures. « can he demonstrated that specif regions wethen the 
HAZ have consistently britthe behavior These regions are called local brittle zones (LBZ) 

Brinthe fracture is a weak tink process that ts triggered by a local cleavage evern. Thus, LBZs com. 
tute a mek that must he addressed by industry The offshore mdustry has responded to thes need hy 
developung standards to assess the suscepeitelity of meets to the formation of LBZ and by conducting 
numerous ivestigavons imo the nature. Cause and wgrmeficance of LBZs To date. substartial progress 
has heen made in understanding the metallurgcal nature of |. BZs and m measuring ther fracture tough 
ness However, limited progress has heen made om assessing the sigreficance of LBZs om the structural 
performance of steel weldmeras 

A vanety of test methods can he used to measure the toughness of see! weldmerts These methods 
can be used to either detect the existence or assess the sigreficance of LBZs For quality cortrol, several 
of the test methods can make mmporarnt commbutons 

The Charpy test is commonly used to evaluate the toughness of C Mn sicel weidmerts For offshore 
structures, the United Kingdom Depanmer: of Energy (1985) has weued detailed procedures to evaluate 
HAZ toughness by Charpy testing Specrmens are notched perpendicular to the plate surface and paralle! 
to the weld All plates are notched witten } mm of the face surface, and plates greater than 20 mm tack 
are also notched on the ract side Three Charpy tests are required at each of the three notch lacatons m 
the HAZ. at the fumon line. and at positions 2 mm and § mm from the fumon lene The Charpy tests are 
conducted at temperatures between |() and 40°C depending on plate theckness, stress level and post 
weld heat treatment 

A comparison of Charpy test results for HAZs im madern steels with tngh toughness and in older 
steels with lower toughness illustrates a key pow (DeKormng 1986) Madern steels have tngh toughnes: 
in the base plate and thus, the low toughness vabucs im the HAZ are more noticeable im the madern steels 
than semelar values in colder steels. that 1 1. BZ are more apparera om tegher quality steels than on 
marginal steels 

The Charpy test is not commdered to he a rehable measure of a mtce!’s semettivity to LBZs The main 
problem iss pling When notched mm the HAZ. the Charpy specimen tends to average the toughness of 
a variety of microstructures including the weld metal. vanous regions withen the HAZ. and the hase 
metal The averaging effect ts compounded by. (|) the blurt notch winch moreases the volume of 
material exposed to the maximum normal stress and by (2) measuring both the emitiation and propaga 
han energy of fracture in addition to shorcomengs o, detecting LBZs. the Charpy test has lemned value 
because the results provide only a qualrtatrve measw’e of HAZ toughness and thus are met Gerectly 
useful for fitness for purpose evaluations 


15 


The CTOD test 3 common methed of measuring Oe fracture tougimess of moc! ecidmores The 
pecierred spocamen ss a full Quchmess. wing edge neech bod qnecemen wath a doop crack (crack long 
© Geph ratio of 0.5) m a BXDB cross section The sca os Gt Oe crack mow opcmeng & mead ws 
load ts applied. and fracture ccown when Oe CTOD Geacrmuned from Gus qpemng reacties a crmcal 
value Using Gee mamdard , cedures of BSS 76). Os wabue 6 a mamerie! property for the qecefk gee 
men mer, noch lacamon and onemiabom temperswre and wren rake weed mm Oe iow By kx ary Oe 
crak Op im a specif megion of Ge weldmess (for cuampic. Ge HAZ) “te toughness of Gut rege can 
te characterized 

in order to Getermune if a coarse gram repo sam LBZ. the fracture tougteess of the regeem cz 9 be 
measured by Ge CTOD metiad Standard procedures have teen developed to peocrack fracture tough 
ness anecamens ao Ghat the crack tp samples te toughmess of Oe omare gram mpm Because of te 
wmall size and erregular shape of Gus region. a i Gefficwh to place the crack mp cractly Special pours 
prcparmions are weed to actweve a strmgie HAZ to facdiname placemers of the crack up One odge of the 
jO@E preparation «= mragh: and perpendicular to the plate surface. that ms. a single hewe! tet powre or a KR 
o— 

in the API (1987) procedures, the fracture toughmess tests are comducted im accordance with BSS 742 
om test plates welded at tyre levels of heat ingen (the Peghest and lowes planned for production and | 
KJfmm) The meremurn toughness requirement ts () 2S mem (0 38 mm for tuctnesses greamer than 7S 
mm) Afier testing. the specemenms are cxamened metallograptecally to determine if the crack tp place: 
mere requiremeres have heen met A! least Gyree enecemers must hawe the crack top om the omaree gramed 
region of the HAZ (CGHAZ) for m team 15% of the gpecemen @uckness Two addmiomal specimens are 
temed wtach have the crack tip in the Sub Critical Regrom of the HAZ These qpecemen: are tomed womg 
the same procedures and miremur toughness requiremerns 

Pelli: developed the Grop weigtt NDT test to evabuate the atwlity of a mee! to arrest a short brite 
crach He postulated that tus type of Capatelity would he required to premect a etructure agama the 
possitelty that a local “hard spot” would crack and the elastx energy released would dynam ally load 
the surrounding maternal permitting Cleavage propagation of the Crack Ghyromgh the erructure The i 
seméilar to the situation that may arise due to L B75 As such the NDT test could he weed to asaees a 
meel's tolerance for LEZs 

NDT tests are comducted in accordance with ASTM Standard F208 A brine weld is depmened along 
the mid width of the tension surface of a semple beam appcemen and meached a the cermer of the he ad 
length The speci.cen is impact loaded by a guxded. free falling weogte Deflection of the heam i hmacd 
by stops The idea ts that crack imetiation occur at the root of the mench om the weld head and propagates 


across the anecemen at temperatures below the ‘SDT and arrests at the NDT and hegher temperatures 
NDT 1 defined as the lowes! temperature at wtach the crack docs net propagate to ome or heh epecemen 


Recently, APT (1986 ab) has weraduced apmonal NDT requirements immo anecifk atom for atic! 
plates for offshore structures For plate @uckness of 16 mem and gremer two P } qpecemons (| 0 1 WO 4 
16 mm) must exbiba no-break performance a 15°C oF lower 
LBZs are a protiem for offshore structures in the North Sea Ths has heen the firs offshore appln a 
tion for he CTOD method and it is by the CTOD method that LEZs are detected The LBZs can be 
detected by Charpy tests. tut the averaging efiect of Charpy tests makes retest: camer to pans Also wrth 
Charpy tests. of the LBZ protiem perersts can he sotved by weing hemer materials and welding prene 
dures Whereas with the CTOD test, low vabues are sometimes found even when the see! and «cide 
procedures are satisfactory 

h the atwence of failure expenence. how can the mgrefx ane of | BZs he annenned’ Here we 
commder the aigreficance of LBZs im CTOD tests and im wide plate touts These tests reveal the mere fi 
cance of LBZs under carefully corarofied corcummances Hf these Coroumstances also exist om the etruc 
ture the tests omdscate the wgreficance of | BZs wn the mtructure 

A fundameraal precept of fracture mecharacs 1s that a small scale test can he waed to measure fracture 
toughness, and the results Can he weed to product the fracture reetarce of a etracture Althea the rs 


feascmutéy true fer Lowa clam and fully plac fracture the peemcapie os emg) tee apple atic wo he 
fracture of mructural meet: mm Oe Guctiie 40 Qeutiie treme eogeem Herr Oe tow rreule are mercy) 
wfuenced t fracture male (Clearing oF Cicevagr) efac® @ tum # aflccid bh) ram cme commerere 
and Qepatture in a maders are! wath a low rachumem comnete Ge fracture tougtmes fer Guctike wearing 
aw order of magnmuds proact Cham tha of Oe same sare! failing ty futile ce a apr 

AD LRZ 2 ame emer loawage Can eutiame @ a atherewme Guctiie moet Oicevage moti rican 
clamx omerg) ad (awe: 2 eve ake om Oe sarroundeng mena The Oyname inadiry (am i aue Oe 
surrounding matirtial iota’ by eavage and Oe Clea age (at peopagae Crough mana Sat om reece 
to Cle -vage ewhanen «2 lower mram ram By changeng Oe fracture mnie w Cleavage an LBZ cam Cawe 
a terfokd reductewm mm fracture tougtmess Thin | B25 are pemermal inggees fer (margin heer 
fracture 

te CTD testeng Ghee tem comdceers art dempned w promene cca age fracture The pertereed 
npecemen Gemgn (BACK aW - 0%) masemmises cometrane om Oe ceveral ©) perverse of Oe Ouctness The 
tee 8 Conducted # or helow the meemum are tomgeraer To react qaecrfed memum tougtmess 
levels the we racted hgame ce of Oe fend anecomen 6 inaded Seyord yeekd Thee tee conden 
coupled with carefully kx amg Ge crack up mm te COMAZ eurrase Oe peeaiteley of Clea age meta 
a an LEZ 

bn erature: Comparstee Comdmicrs of CoOmmrare tereperature and load may Cues! a OPTLam trmes om 
variows lacatioms Theres even Ge poenitelety Gt Ge wp of a ormcal mire crack ma COHAZ ell be om 
cme of these places Bors precesety Gs pemndtehery Ghat es guarded agama try maddimg the structure of 
LBZ 

Tenteng full size structural clomeres overcomes the a aling penton: enomwrarred efter ane y ing 
fracture mecharmcs om the Guctile to frente tranemem regeem If a cracked plate dearer | fracture ure! after 
gross secticm yeecideng presumatity the same crack size wend nen iffect the pertormarks oof a cer lar 
plate ma etructure proving of cowree Ge lnadeng menies are cermelar 

Wide plate teats are demgned to semulae Oe mos severe Comdenoms of load crack sive and tempers 
ture bhety to he ercoummered Py a structure However te lnadeng mente e wewally tema ard the 
Comstrar® depends an gnecumen demgn the moa sewers comerrwre devel mm dewtite edge nem ted 
plates Subetarmially lees comerrac curate for other Ghrengh <ract comfigurancrs The lowest comerarn 
exists mn surface memo ted plates hex auee here the elasatiem of commerarre rs Cnreriied by apecemen 
tuctness ommead of witch 

For surface cracked tonmcn anecemens comaracn n relaned by Grong? Guctness yrckdeng thar 
ecours when the net section stress mm the gamer croeeds yreld (Chang ard others 1981) When the 
hgamere yrekds shear hand develop Qeough the Puctiness and Ge mewmal sires a the Crack top are 
tented to the flow stress Normal stresses under full cometraru are mearty ewe as tegh Hl cleavage does 
net acon prior to gamer: yridmmg the CTOD ragedly exreases orth moreasing load Pictures of these 
bhurted cracks m the CUUHAZ (Derys and others 1984 Kovase and others 1987) prowide a some of 
assurance Pest thes surety i hemaed to surface Cracks predewnmardly loaded om tenmcm 

However ma large gudy recershy compiened five of the teerry evde plane tents farled at wor an 
levets less than 0 9% (Webeter and Walker, 1988) Thus, overall LBZ’: can tigger brite fracture mm 
structural clement: +f the stress lewe! and flew size eroeed crm al values 

The selection of a methad to measure fracture tougimess deperds am the purpose of the tent Several 
methods are recommended for qualty comers! of the mamenals and weldeng practioes ward to tenid 
offshore stra tures 

Pronto pracuremert of te eee! needed tor an offehowe stracture special welding and mec hare a! 
tests Can he comducted to asewre that the apmcefx meets selected for the preyect have satrsfactery weldaty! 
tty wx tudeng euffusers HAZ toughness brs at Ges stage Chat Gee suscepeiteley of a mee! to | B75 shew 
he evabuated 

The CTOD test recommended for decung LBZs and for ewabuating Ge suncepeitelity of a moe! tw 
the formanenm of LBZs The procedures and requeremerts of API may he ward 

During production of the steel quality cormre’ tore are Comduacted to asewre that the mee! has cates 
factory resistamwe to britthe fracture bh is at (us stage Ghat the ercel 6 reeretonce to crack propagation 
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howd te mommicend to asnure Oca a has eufficocts tlcratcr for LBZ, Deop ecogts NDT toms are 
sxcemmmented © aseure aGoguac where for LBZs om Oe ois weed for offvhorr @ructures The “DT 
roqgurcmems of rooms API geoficatrom merece? aiews may te ued 

During fatncanon of offre mructures. fracture tows cm ecids are comduchd to qualefy eridiryg 
mamctials and peacedures and to morwice Gee Quality of producti wekts Al Ow mage Oe toughen of 
@e HAZ showld te measaereé w& aseure Cha ff cacends Oe meremum tougiees qecfied for Oe mecl The 
Chap) test 1s recommended to vernfy that the HAZ towgtmess caconds the toughness qofied for the 
meek. The Charpy soguiremerss for Ge HAZ of rocert UK OOF rules, mentioned showe, may be ward 
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Nitrogen Oxide Control Technology for Offshore Oil and Gas Operations 


Arther D. Lite, Inc. 
$290 Overpass Road, Suite 227 
Santa Barbara, California 93'11 


Objective: To assess nitrogen oxide control techmologyes applicable for offshore oil and gas operations 
and to recommend strategies for ther developmen and demonstration offshore. 


Nitrogen oxide (NO_) has been shown to be a precursor to the photochemical formation of near- 
ground level orone. Because of the imense usage of gas turtene. and doesel engines in Outer Continertal 
Shelf (OCS) operations, NO, has been an obstacie to the development of oil and gas off Califorma. In 
partcular, many of the areas in the vicinity of OCS developments are in non-attainmem with the Federal 
standards for ambecm ozone concentrations. These regions include arcas around Los Angeles, Vertura. 
and Santa Barbara Federal standards undcr the Clean Ai Act consider an area to be m non-atlainmnen 
with respect to ozone if, for more than | hour of a year, the ozone level exceeds 12 parts per 100 million 
(Environmental Protection Agency, 1987). In comsidering these regulations, state and local regulators as 
well as the public have developed senous concerns about OCS development activities over the potential 
for adverse impacts on air quality. 

The development of advanced NO, control technologies could reduce the significance of NO. emis- 
sions as a barricr to OCS developmen. A large reduction of emissions would lessen the concern of 
regulators and the public alike 

The major sources of OCS NO. emissions arc: 

* Production platform gas turbines. 

¢ Crew boat and supply boat main engines (diesels) and. 

* Exploratory drilling ng diesel engines. 

Platform gas turbines are commonly used for clectnic power generation and as prime movers for 
major equipment, such as platform gas compressors. These units often use the waste heat in the turbene 
exhaust gas to heat a medium such as water (steam) or an orgamic heat transfer fluid With waste heat 
recovery, the gas turbines are an energy efficrert means of providing both useful thermal energy and 
shaft power for a vanety of production platform purposes 

Water injection is presently used for NO. emission control on platform gas turbines. Tests indicate 
that water injection at a ratio of 0.8 Ib. water per pound fuel reduces NO, emissions by about 70 to 75 
percem from uncontrolled levels. Manufacturers guaramice approximately 60 percent NO emission 
reduction at full-rated load at this level of water imyection. 

Crew boats and supply boats are the most common means of transporting personne! and supphes 
from shore to platforms These boats are usually based as closely as is practicable to the platforms 
serviced. NO, emissions can vary depending upon the number of boai trips, the type of engines in the 
boats, and the location and number of platforms that are serviced Typically, at least 80 percent of vessel 
NO, emissions are produced while transiting (Sama Barbara Air Pollution Control District, 1987a). 
Exploratory drilling ng diesel engines are one of the more significant sources of NO, emismons 
associated with initial OCS developmen projects. A variety of types of exploratory ngs nave been used 
in developing the Pacific OCS. Rigs used there have included ser 4-submersibles, jackups, and drill 


ships. 

Emission control technology is berg applied to all categones of major OCS em. ssion sources, 
including platform power generation, onshore stationary pnme movers, and support vessels. 

Gas turbines for power generation. cogeneration, and for prime movers have been one of the mayor 
sources of NO. and other pollution emissions from OCS projects. Water or steam inyection, which can 
reduce NO, emissions by $0 to 70 percent, has been accepted as a standard control technology In addi- 
tion, an exhaust tr.stment scheme known as selective catalytic reduction (SCR) is being used for onshore 
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gas turbine generators. Units with both water injection and SCR have produced 90 percent less NO_ 
emission than uncontrolled turbines (General Electric, 1982). 

Electrification of platforms can be accomplished in two ways. Firsi, vanous prime movers such as 
those used to drill or operate cranes, could be replaced wath clectnc motors winch derive thes energy 
from a single gas turtune generator unset mstalied on a platform. Thus modificanon could be readily 
accomplished. The alicmative is to clectrify the platform from shore, a costly procedure (Sama Barbara 
Air Pollution Comrol Distinct, 1987b). A recently proposed modification to rate structures may help 
reduce the financial burden if enacted mio law. In addipon, shore-based cogeneration plants, whach oil 
compares could build and operatic for their own use and even for selling excess clectricaty to the public 
power gnd. might prove to be cconomuc. 

With regard to cxhausi gas treatment, a number of advances have been reported recently One new 
wchmigue which has received much favorable publicity is known as “Raprenox” and is discussed clac- 
where in this report. See “Development of Raprenox for Dicecl Emission Control,” Robert A. Perry. In 
essence the inventor has developed a scheme which uses a common, nomioxic reagent, cyanuric acid, to 
treat the exhaust gases The techmgque avonds the use of a catalyst or a hazardous reagem such as ammo- 
mia Raprenos is in the carly research stages and major questions, such as the mixing of the reagent and 
combusbon temperatures for effecive NO, reduction, have to be answered. 

Another example of exhaust treatment method is clectrochemical reduction (Gordon, 1987). In this 
process, exhaust gas is passed through a solid state porous foam clectrolyte made of stabilized mrcomia. 
NO, is reduced by an electrochemical reaction. This technology has also shown encouraging laboratory 
results. 

Finally, improvements continue with exhaust treatment techmques which make use of novel catalyst 
formulations such as etched metal screens (Kittrel and Eldridge, 1985), Exxon's “De NO.” (Lyon, 1987) 
and Fuel Tech's “NO, Out” (Epperly and Broderick, 1988). 

A number of comtrol techniques have been demonstrated recently tor crew and supply boats In a 
recem field demonstration program, it was shown that turbocharging, injection timing retard, charge air 
cooling, and reduced boat speed can all contribute to a significamt reduction in NO emissions. The 
combination of all four of these methods can reduce these emismons to below SO percent of uncontrolled 
levels, with minimal impacts on other pollutant levels or on vessel operation. 

Whereas, much progress has been achieved recently, there are new technologies on the horizon, 
which if made available to OCS activities, could further reduce air quality concerns. Technologies which 
show great initial promise include exhaust gas treatment, gas turtune combustion modification, diese! 
engine combustion modification, and alternative fucls. 

Prior to adoption of advanced exhaust gas treatment for OCS activities, a number of issucs must be 
addressed. Chief among them is the duty cycle of mayor OCS emission generating equipment. Many 
exhaust gas treatment technologies have been developed for steady, continuous sources, such as power 
station stack gases. The duty cycles of OCS equipment vary considerably, because of continual load 
fluctuations. Other issues related to exhaust gas treatment will also need to be addressed, particularly 
those regarding system reliability and amy impacts on safety or operability 

Recem experimental effon. om gas turbine combustors could also have a future role im OCS activities 
NO, emission levels as low as 10 ppm have been reported using dry low-NO_ combustors (Smith and 
others, 1986). Also, advances in catalytic combustors for gas turtines have been occurring (Makansi, 
1988). Both of these techmiques could significantly reduce NO emissions from turbines. As is the case 
with some other emerging techmques, the duty Muctuation cycles of offshore equipment pose a particular 
challenge for thes: schemes 

Improvements in emission levels of high speed diesel engines comtinuc as manufacturers prepare for 
higher environmental pollution control standards The engines which are being developed to mect these 
standards are of the same size as those which are found in crew boats and ina variety of construction 
equipmem. Either these engines or some of the systems on these engines would be applicable for demon- 
stration on OCS activities. 

Alternative fuels have potential applicatlity for a number of OCS uses, including work boats and 
construction activities. Methanol has been demonstrated on engines of similar size to those found in 


many OCS applications (Califormia Encrgy Commission, 1986). Liguified natural gas (LNG) is being 
used as a primary fucl on some work boats whch are assisting in North Slope activies. Other alicrnative 
fuels with beneficial air quality implications include CNG, emulsions, and hydrogen fucl. Special 
proprictary additives could also be considered mm thus category. In general. all of these fucls may provide 
subsarsial benefits, but there are a number of insucs to be addressed prior to their adopuon, offshore 
safety being a primary concern. In addition, # should be recognized that some of the mobile cquipmen 
used for OCS activities is present in California waters only for shon periods of time. and the cost and 
lead time required to modify the cquipencrt to mect Calforma standards may presera difficult cconomic 
problems. 

In the past, OCS projects have been able to draw upon emiswon control technologies which have 
been developed or demonstrated for other applications. In the future, control technologies for the OCS 
will, i some degree, have to be evaluated im the laboratory, possibly even before they are applied in 
other industnes. 

There are many unique aspects of OCS operations, and the structure of industry in general must be 
considered while techmcal improvememis are being sought. Retrofitting of OCS facilities is greatly more 
complex than that required for comparably sized onshore facilities because of space and safety consid- 
erations. Further, the structure of the OCS industry must be understood, partcularly im project phases, 
such as Grilling and construction, where a significam fraction of the cmismons is being generated by 
mobile equipment located in California only for shon periods of time. The umigue duty cycles of equip- 
mem for the various phases of OCS activities must also be considered. These duty cycles, as well as 
presem emission levels, must be beticr quantified over time im order to match the performance capatul- 
ties of new comtrol technologics to the emismon characteristics of OCS sources. 

Finally, as the search continues for more cost effective OCS controls, newly demonstrated technolo- 
gies will play significam roles. In addition, there are some commercially available technologies which 
have not been used offshore, SCR for example Due to technical, operational, and safcty considerations. 
some of thr more embryonic technologies may have promise for greater applicability. 
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Response of Tension Piles to Vertical Seismic Motion in Saturated Fine Sand 


Principal Investigator. Michacl W. O'Neill, Ph_D. 
Univorsity of Houston 
Deparumen of Civil Engineering 
Houston, TX 77004 


Objective: To investigate the geotechnical factors that can resuli in imierface failure of piles in satu- 
rated, granular media when the piles are subjected simultancously to teased tensile load and 


Plans for the increased use of compliant offshore structures envision the expanded applcapon of 
piles loaded statically im tension. When such piles are placed in saturated granular soils in a geographic 
zone in which seismic activity can occur, the risk exists that the scismic action will produce a reduction 
of the capacities of such piles, possibly even resulting in failure during the seismic ever. Research is 
therefore desirable to determine those conditions that would lead to reduced pile capacity i uplift. 

Capacity reduction is believed to develop mainly because of the generation of cxcess pore water 
pressures in the near-field zone around the pile. This action, in tum, produces a reduction in the effective 
stress at the pile-soil imterface, which reduces the frictional resistance available at the imerface. The 
CXCess pore water pressure may develop from three potential sources. First, from the relative vertical 
shearing motion between the pile and soil, which may produce cither positive (excess) or negative pore 
water pressures, and which is probably significant only at relatively large magnitudes of interface shear 
along the pile shaft: from the upward-propagating compression waves in the medium in which the pile is 
embedded, which may produce significamt pore water pressures if the structure is near the epicenter of 
the event, and from the upward-propagating shear waves in the medium im which the pile 1s embedded 

The last factor is the effect most commonly associated with pore water pressure generation and 
liquefaction phenomena in carthquakes and has received significant attention in the past. The first two 
effects imteract with one another, and they have not received much attention. This study therefore con- 
centrates on the first two effects, while recognizing that the latter effect may also be important. In 
practical problems it may be possible to combine the latter effect and the effects specifically considered 


in this study using existing technology. 

The problem is being studied experimentally, using small-scale modelling techniques, in which 
several key parameters are being varied. These parameters are. 
Relative density of the modelled deposit 
Magnitude of the mean ambient effective stress in the soil 
Signature of the seismic event 
Ratio of biased, static uplift load to static pile capacity in uplift 

* Condition of the imerface. 

A pressure Chamber is used to contain the saturated soil deposit and to simulate effective stresses and 
drainage conditions, as shown schematically in Figure |. Drainage is permitied only at the top of the 
chamber during a simulated seismic event. After the chamber is saturated and pressunzed to simulate a 
prescribed effective stress condition, the test pile is driven, or driven and grounted, imo the simulated 
deposit, which consists of a fine, siliceous sand that is initially installed by Muviation (relative density = 
45%) or pluviation (relative density = 85%) The imstaliation process is allowed to influence the relative 
density and state of stress within the soil in the vicinity of the pile and the adhesion properties at the pile- 
soil interface in a manner similar to that which may occur in the field A tiased tension load determined 
from a prescribed ratio of static uplift capacity is then applied and maintained during a test, and the 
chamber is excited through its base by a servo-controlied testing machine 
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A feedback accelerometer im the Chamber is acquired Guring testing by a compolicr Gist mgnals te 
machine to simulate a programmed scismx cvert. Pore water pressures are morsiored Gunng Ox mmo- 
lated event, as is the Gcformation of the head of the pile and the load Gistribution in the pile. Once the 
simulated ever 1s completed, the pile 5 subyecied to a quasi-stabc uplifi test to failure to ascerian 
whether the seismic mouon has produced any remdual capacity loss, if the pile has not failed by pullout 
in the simulated scismic test. Such loss would not be duc directly to cucess pore waier pressure af the 
pile-soil interface, which will have dissipated by the ume of thus test. bul may develop due to the motion 
of the soil particles during vibration, which may Cause mass Comtraction of the soil and reduce the 
horizontal effective stress at the pile-soil imierface Load ditribupon and pore waiter pressure rocords are 
examined following a test to determine the source of failure, if any. 

The test pile 1s a 1-in -diameter by 20-in -long, closed-toed aluminum tube, and the relative pile-sorl 
stiffness in the chamber approximates that found im typscal offshore piles. The verical componerns of 
two separate scismic records are being modelled One is a record that was measured on the seafloor off 
Southern California in July, 1986, (Rictucr magnitude 6 event) and the other ts an amplified version of 
the same record, which is being studied to represers the effects of a much stronger event. 


Conclusion 


The study is expected to define the ratio of uplift bias load to static uplift capacity that can be toler- 
ated in tension piles in medium to dense sands under the vertical components of moderate and strong 
earthquake loading. The effects of depth of the pile and preconsolidaton charactenstics of the sand will 
be observed through the influence of the magrutude of effective chamber pressure on the deposit 
Through independent means or through additional research, further increases im pore water pressure duc 
to the effects of vertically propagating shear waves can be combined with the results of this study to 
evaluate the capacity of tension piles under more compiles loading states. 
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Soul Pile Interaction Due to Sersma Response of Subwea Souls 


Prixapal lewesngmor = Toyoak: Nogam 
Sonpps buaaunon of Oceanogragtry 
Unrvermty of Caliorma San Diego 
La Jolla, Califormia 92093 


Otyectrve =: To unvesngaie offshore ceewroemners effects om scum reaper of scafloor and pric 
foundaans 


One of the most G:ffiowlt factors to be commdered in Gemgrung fined offshore platforms m active 
scram areas ts scram loadeng effects on the seafloor soul and the resulting foundanon behavior In 
offshore errvivorenerts. the sce is completely sutenerged and can he located a scmne depeh below the 
water surface These errvirorenerss affect the scvemax reapomer of the sols and foundanom offshore and 
thes effects must be carefully taken imo accowrs im the seremx reapomee analysers of fined offshore 
sructures However, land based approaches and records are often waed mm the evaluation of the scrum 
response behavior of foundanan of offuhore structures. erthow! commdering these errvironenert eflects 
property The ultemaie otyective of thus study ts to develop the sera regnomse anal yers method of pric 
foundanoms of offshore platforms wtule property comadernng the offshore ervironmern effects As the 
first sep towards thus otyectrve. the proyect imvestigaies how the offshore emvironemern affects the 
server reapomee of seafloor and pile foundanonms The research 1s heeng conducted mm cooperation 
among Gree teams including the Sandia National Labormory a group of Japanese ur verertics and the 
Scripps Institunon of Oceanngraptry The Japanese team has set up imetrumernanom: at a pried platiorm 
located offshore Japan im order to ottain seremmK response records Figures | and 2 show the lex ation of 
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up imstrumemtation af a site located offshore Califorma under a Minerals Managemera Service spomsored 
research project emuutied “Scafloor Serumac Data Study” 

Soils provide input motions to pile shafts through free-ficld ground movons and provide soul-pule 
immeraction forces. The effects of the offshore envirormnem will be investigated for the soil and regions 
covered im the proyect 

The offshore-crvirommen effects result from the coupling between the soul skeleton and fluid mm and 
above tx seafloor, Two differem types of soil-fuid couplings exist. They arc: (1) clastic coupling 
through an clastic volumetric strain of the solid mass and (2) anclastic coupling through a permanent 
volumetric strain of the soil mass primarily induced by the shear. The first type of coupling is associated 
with thee P-waves and Raleigh waves, whereas the second type of coupling s associated with S- waves 
The second type of coupling results im a soil bquefaction and has been investigated extensively im the 
past. However, the first type coupling effects on Raleigh waves behavior have been studied very little 
Figure 3 shows scismic response analysis results ottained for an offshore gravity base structure and free- 
field ground response at the surface Significamt structure respomecs occur af not only the penos of large 
ground accelerations but also the penod of small ground accelerations where Raleigh waves are prodorm- 
nami. This is because Raleigh waves have long pernods and can cacite structures with a long nutural 
period sigmificartly Therefore, the offshore environments may strongly affect the scismic response of 
puled offshore platforms through Raleigh waves 
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Because of a potcrmally mgmficars role of Raleagh weaves mm scram reepomnc to offshore platforms. 
a part of the research will be conducted mainly on Rabeagh weve mowom Firm, te analyses tool for 
numencal evaluation of Ralagh wave behavior m the scafloor will be deweloped under clastac comdé)- 
poms Tus ts necessary because the primcapal mechareem of offshore cemormnen cfiects an Ralcagh 
wave monon docs nat depend on the anclastc soul betavior and the clasta condmons well be sufficocm 
to examene these effects Using Biot 's equation for the dynamax response of a fund saturated clamac 
porous medium, formulapons hased on eather a transfer mains method of fic clomert method will be 
developed for the evaluapon of Ralagh wave mowon mm a fluid saturated porows medeum The transfer 
matrix approach was onginally used by Haskell (1953) for the analysn of clastx soled regnomec to 
moder body waves This approach was further cxtecmded for te computation of a fund saturmed clamo 
porous medium response to moder body waves (Yamamato, 1983) The fie clemert method was 
developed and used for the studies of the soil reapomec to Ralagh waves (Lyemer, 1970) The soul 
medium was assumed to be a visco-clastx modrum m thus fimne clemera method The firme clemers 
method was also formulated for a Murd saturated porows modrum and weed on te dynam protiers 
(Zinkiewicz a al, 1984; Ghabouss! ct al. 1972, Prewoat, 1962). However, Giese formulated for a uid. 
saturated porous medrum appear not yet to have heen waed for the evaluation of Raleigh wave mowon im 
a flusd saturated porous medrum After the developencrs of the analyen tool esther based on a transfer 
matrix method or fine clemert method, parametric studies will he conducted to study the effects of the 
water both above and msde the soul deposits on Ralengh wave mowom Vanows cases will be commdered 
for water depth ahove the sol deposits, porosty of the scowl. and clastx madul of the sow! skeleton 

The aformemtuoned second type soul flusd coupling can cause a developer of the remdual porewa 
ter pressure im the sou) mass, resulting im changing the soul pele wmeraction charactenstics Ths behavior 
will be investigated in thus pan of the study The finste clemert program will be developed to mvestgate 
the sersrmic response behavior of soi ple symierns Formulations m the program will he based om Bron + 
equanon of the dynamic response of a fund saturated porows medium Anclast behavior of the sor! 
skeleton will be comsdered through the sor! stress strasm comertutrve relaonstep proposed try Hera and 
Satake (1984) 
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interference Problem Assisted With Risers im Floating Production Platforms 


Prexspal lovesigmor =F Rajate PD 
Maree Engmcerg Dew 
Brown & Ro USA... Inc 
Howmon, Texas 77D! 


Otgectrve = To assess riser ermericremoe/cicararce protiiom m a tommon leg platiorm hased Mosung 
peoduchan symiem (TLP FPS) and a scmrutenernittic hased floating production 
symem (SEMI-FPS) 


As te search for energy moves imo progreservely dueper waier, Moating praduction symems (FPS) 
such as tension leg platform based FT'S (TLP-FP'S), sominutencruitic-hased FPS (SEMI FPS) and 
monotwll FPS (Mono FPS) hecome mcrcamngly attractrve comoepes for offshore anermorn 
Rasers are critical and debcate componeres of an offshore FPS and commect the surface faceless to 
the subeca equipenert wtnle suapended beneath the FPS) Eoomoms and operapomal commderaticonm may 
Gxctme that Grilling production. and tramier of praguction occur semultancously through vanows (lose! y 
spaced nsertypes Several riser arrangemeres can he commdered wxctuding inérvidual meer arrangemers. 
maser bundles. or hybrid systems comerstiing of mgd and flexible maers Regardiess of the FPS deployed 
and the reer sytem configuration used. a ary tome an array of maers having Graterctly Grfferene piryenc al 
Properhes and tension requiremerns are howre! to work eemultancously Relatrve motion among varices 
componerns of an FPS may cawse mnerference between macn. hetween meen and platform or hetwoen 
feers and moonng bnes Therefore thes protiderm is of paramount mmportance m the dew gn and operanon 
of Noating platforms 

To reduce the Moating production platiorm size and cost. the waual approach is to meiremize the ana c 
hetecen risers and structure However thes enacmng Canmet he apmcified artetranty and apecial comendera 
hors must he given to thes protic 

To avert riser wuerference, the tormptation ts to morease the Maer top tonsion fh rs emportart to mene 
that the anacing between msers. nacre and hull or meer: and mooring system are very emportare and the 
Maers top tension cammet he Changed arteiran!y wrihout causing new protlems A wide macr apacing wl! 
result om a large fire restncied platform area Furthermore may empoee restnctians on hull design such 
as MM Permeting any promary braceng members om a large cortral area of the platiorm structure The riser 
top tension is a weighs burden as far as the FPS rs comcemed and top tenmon cammet he moreased endes 
crimmemately without careful commderation Ancther rmnortam factor, etach must he commdered. ts the 
effect of wamer depth on apaceng roquiremern + 

Therefore the otyectrve of thus progect 1s a critecal study of the mmerference protiem mmvolving maser. 
production platform structure and mooring sy storm 

A strategy for tus study comeders the following wnerierence sconanos |) im place macr to reer 
wuerference protiem 2) mm place riser to hell Clearance protiem 1) on place nact to macring rywem 
wuerference protiem 4) riser metalianvon and retmeval Clearance protierms with ather reer: hell and 
mooring sysiem 

in place naer to riser wmerforence ts a penontial protiem om FPS ehere indrvidual neers commect 
wellheads to the production platiorm Figure | shows achomatically wuerferonce of two adjacert nsers 
wma TLP Thus protiom tt typecal of the ertuatroms on whch eoomeme and aperasonal commderanorns 
may Gxtae tha drilling. production and tramfer of produced fuds acowr semuhaneously Ties renutts 
i am array of meer having Greterctly dif! crore ptrymecal properties, tommon setengs and ermeral fuds 
The motion of these riser. caused by waves Currom and platiorm maton may he owt of phase with 
each other or with the platform I! the anaceng os mew adequate, they may come im commact with each other 
with unpredictatie commequemoes There arc two romedes for tus protien morcase of f2 tonmon 


settings oF erdarge the well apac rng 
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Figure | Riser te Riner Interference Pretetem. Figure 2 — Rimer te Bull leterferemce Preticm 


FPS 's are very sensitive to weighs moreases and nacr tenmons Jonfigure as weight burdens for these 
structures Therefore. increasing riser tensions wil] reduce variable deck load carrying capacity of FPS 
and will requere larger draplacemen and cost 

Some FPS s. expecially comverted Grilling semisutmnerwties, include primary bracing memhen im 
the certral area of the platform substructure These bracings are potential Comtact powrts for maers as the 
Platform moves to its extreme offset positions and meer oscellate under action of waves and platform 
monon Cortacts may inflict permaners damage to the meer pepe or cause the riser string to buckle. 
purcture or break 

Flewtle praduction risers are ased m some production arrangements and may come imo Comtact wrth 
FPS hall or owctural bracing Figure 2 shows schematically the clearance problem hetween msc and 
hell in a TLP-PPS 

Fleuitle praduction maser are hecomeng very attractive im marginal field developer Some new 
FPS concepts propose to use Mexitle risers as the main conduits for production transfers The Mearhic 
Maers presera many operational and cost saving advartages However the fexitelety of there risers 
makes them suscepetie to undergo large oaciflanom: These oscillations combeuned wrth ( atenary 
comfiguranon of the reer and large offsets suffered by an FPS. may create srtuators on whch ermertcr 
ence with mooring tysiems can occur Figure | shows schematically the petertial wmerfererwe of a 
flexible nser and a TLP tendon sysiom Ties cortact may mot he detrimertal to the mooring system. 
however @ may he Getrumertal to the Meare user 

Ths protiiem carmen be easily corrected wince Meaitle macrs by demgn are net tenmoned and they 
hang under thew own wright and ‘abe a Catenary comfiguranon Therefore corral of emertcrence by 


adjusting top temmicn i not pomerbie 
mertererce of rmers and the mooring rysiom 1s lees prohhatie of rgd meen wath tagh values of tap 


pubes? On Oe Ne 


Figere ) — Riner te Meoring Syetem Interference Prettem 


tension settings are used However. im tes case the wmerference hecommes of great comoerm during metal 
lanon and retneval aperanoms. capecially im stuahonms where a BOP mack .1 deployed 

One of the most critical times when meer to meer emerference, meer to full (Contact. or meer to 
mooring system imerference can accur 1s when neers are herng run or retneved When a current is 
presemt, « causes the FPP to move down currer from the template Woeth the FPS im thus posmmon. a riser 
herng run withow guidelines would tra:! of! down current even more than the platform and would hkely 
COmact any downstream msers (sing a guideline system to run the msers will help meremize the poss 
tubty of eruerference 

Whether waerference occurs wil] depend on the severity of the emvicommerntal comdmons. the tenmman 
m the gusdelemes. and the configuration of the meer. along with the wenghe and size of any equation at the 
hase of the maser 


( one hwo 


Thus progoct wvolves a critical study of the muerference proflem commadenng maer. praducton 
platform structure and maoring system The study will he carned cut im two distinct phases Phase | 
will be concermmed with a survey of vanous FPS «identi ation of the meer Clearance/waertererce 
protien and the anecification of the systems to he analyzed om deta! om Phase 2 of the study 

in Phase 2. the systems apecified im Phas | will he analyzed w develop a critical auaesamers of the 
wnerference/Cleararce protiiem Bassally thes study will address the peaertial of cach symem to he 
mvetved in an wterference/clearsmce situation wtnch may reeul in a catastrophe §«Thws study will also 
reveal the bind of merference/clearance profiler: winch chowld he abaatutely avended and what type of 
wnerteremce/Cleararce condom can he accetted if mecessary precautions are taken 
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Otyectrve = Asaces and Gevelop methods to calculate the rehatebity of offehowe @ructural sywemm 


A youre industry/govermmert wedy was mutated to conduct a criacal review of the satus of structural 


symiems rehatelety to evaluate as peecrtial utility to the offuhore field. and to develop emprovermerns and 
mew research Girectiom as needed Structural rywerms rehatelsty © assacated wrth quart ficanon of 
notom such as recundancy rotwstness. and mmapecbon repar araicgy 

The wmerest im assessing Gee rrliatelity of systems. is Gretenct from structural componmerss ts a natural 
extension of the currem benad use of prohatelitic descnpmans of the offshore loading emironmert 
(waves, wind. currers, ce. etc ) and the growing application of prohatelity based offshore eructural 
cades for member evel design. for example, the NPD code and the Graft AP!.2A LRFD code Structural 
systems reliability research has a relatively long history (¢ ¢.. Proeedenthal, AM. ct al. 1966, Cornell, 
1967) but recers iemerest has been extremely strong The apparers reasons for this immense activity are (1) 
to field's success in research and practice with member level rehatelety. (2) the raged decrease m 
computational costs, and (3) the developer of the firu order rehatelty method, FORM (cg Rack wis 
and Fiesster, 1977) that permits raged, efficiert estimation of (small) probatulines of urmons (“ors”) and 
immersections (and‘s”) of everus related to functions of large numbers of artutrarily dirtnbuted random 
variates The FORM capatulity permits one to calculate such fabure sequence prohatelmes as koep the 
evern the (random) capacity of member | herng less than the force induced by the (random) applied 
loads and member 2's capacity being less than the force ynduced by the loads when the structure has 
teen ahered by the failure of member |, or member 2 fails im the tact structure and member | fails im 
the so altered structure. cic Clearly these are the binds of compiles events and relationsteps ome encoun 
ters when dealing with mul) member stati ally indetermmate structural sywems such as those found in 
typacal offshore steel jacket structures: 

The first phase of the proyect focused on (1) the review. categorization. and critique of the many 
commending methods found im the Inerature (Karamchandan 1987) (2) the assessment of the needs the 
industry has for systems rehatulty capatelracs. and (3) presertanon of the concepts and clements of 
structural systems rehatubety (Cornell, 1987) The second phase turned to developenents to mmprove the 
mecharacal and other madeling lemiations m the more cost effective (thet special purpose) systerns 
rehatelity methods found im the Inerature. and to exploration of medhads capatile of treating more general 
protierms 

To demom.rate both structural systems analysis capatulies and its potential henefits with reanect to 
resolution of industry issues, the project team conducted a major study (Nordal. ct al 1987. Nordal, ct 
al. 1988) of an eaght leg mee! packet praducton platform designed and studied determenistically by 
others (Licyd and Clawson, 1987) The layout of the structure is shown in Figure |. a typical feilure tree 
developed for te study by the program FAIL UR ts shown im Figure 2 

A failure tree Giaplays graptucally ahemnative member falure sequences and the calculated reliatelity 
indices for sets of branches (fatbure paths) (The retiatelity index A ts monceomically related to the probe: 
tility of occurrence. smaller fi values imply more bikely failure sequences ) This tree shows, for example. 
that member 140 is the most Whkely to be overstressed im the irtact structure, and member | 44 is mow 
likely to follow «. these are two diagonal braces m the upper pan of the structure By analyzing the 
uruoms of these several more bikely paths. « was combuded that the system B i approsmatcly 11) 

(a failure probability of ahowt 1110") 


in 


— ¥ —— —— 
—-. 


7 
: . ‘ 
_ . 


Figure 2 — Failure Tree, Showing Member Numbers and Rell ubility Indices of Partial Paths. 


The study compared this structure's reliability and redundan-y both in an X -braced configuration and 
in a modified, K-braced form Redundancy is measured in this pooject by the conditional probability of 
total system failure given that amy member has failed (A statically determinate structure therefore has a 
redundancy measure of one ) This X-braced system had a redundancy measure of 0.1, the K -braced 
system redundancy measure was less good, () 7 

Subsequent studies on this same structure have conmdered the rehatulity given a damaged member 
(robustness), the safety implications of wave forces at the deck level, and the degree of rigor in the 
represemation of the post-buckling behavior of the (critical) corupressive braces (Comell, 1988) In 
short, the project has attempted to demonstrate how systems reliatility can bring new information to bear 
on problems already identified as being of industry concer: 


Subsequer project reports will presem a sci of specificapons for a curremtly feasible, next generapon 
sructural systems rchabilay analyms program for jacket-luke structures, and will address techragues for 
efficsertly estumating the reliability of more generally formulated structural systems problems. mcluding 
ume-varying loads and responses. 


References 


Cornell, C_A.. “Bounds on the Reliability of Stractural Symiems,” Journal of the Structural Division, 
ASCE, vol. 93, no. ST1, pp. 171-200, February, 1967. 


Cornell, C_A., Offshore Structural Symems Reliability. A Report to Amoco Production Company for the 
Join Industry Project Participants. C. Allin Comelll, Inc. Portola Valicy, CA 1987. 


Corelli, C_A., Rabi De, Karamchandam, A. and Bycrager, P_, Enhanced Failure-Path-Based Structural 


System Reliability. A Repon to Amoco Production Company for the Join Industry Project Partici- 
parts. C. Allin Cornell, Inc. Portola Valicy, CA, 1988. 


Freudemthal, A.M., Garrelts, ].M. and Shinorwka, M.. “The Analysis of Structural Safety,” Journal of the 
Structural Division, ASCE, vol. 92, no. ST1, pp. 267-325, February, 1966. 


Guenard, Y.V.,. Application of System Reliability Analysis to Offshore Structures, Reliability of Marine 
Structures Repon 1, Dept. of Civil Engnrg.. (formerly Report 71, John A. Blume Earthquake Center), 
Stanford University, Stanford, CA, 1984. 


Karamchandam, A, Structural System Reliability Methods, Reliatility of Marine Structures Report 2, 


(formerly Report 83, John A. Blume Earthquake Engincering Center), Dept. of Civil Engnrg.. 
Stanford University, Stanford, CA, July 1987 


Lioyd, J.R. and Clawson, W.C.. “Reserve and Residual Strength of Pile Founded Offshore Platforms,” in 


Proceedings of an Imernational Symposium, The Role of Design, Inspection, and Redundancy in 
Marine Structural Reliability, National Academic Press, November, 1983. 


Nordal, H., Cornell, C_A. and Karamchandani, A. “A Structural System Reliability Case Study of an 
Bight-Leg Stee Jacket Offshore Production Platform,” Proceedings of the Marine Structural Relia- 


bility Symposium, SNAME, Arlington, VA, October, 1987. 


Nordal H., Cornell, C_A.. and Karamchandani, A.. A Structural System Reliability Study of an Eight-Leg 
Steel-Jacket Offshore Production Platform, Reliability of Marine Structures Report 3, Dept. of Civil 
Engnrg.. Stanford Univ... Stanford, CA, May, 1988. 


Rackwitz, R. and Piessier, B.. An Algorithm for Calculation of Structural Reliability under Combined 
Loading, Berichte rur Sicherheitsthoorie der Bauweerke, Lab. { Konstr. Ingb.. Techn. Univ 
Munchen, Munchen, 1977. 


is4 


Evaluation of the Spray Ice Barrier at the CIDS Antares Site During 1985, 
Using Time-Lapse Photography 


Principal Investigator. William Si. Lawrence 
Polar Alpine Inc. 
1442A Walnut Si, #236 
Berkeley, CA 94709 


Objective: To evaluate the behavior of the spray ice barrier constructed around Global Marine's 
Concrete Island Drilling Structure (CIDS). 


During November 1984 a spray ice barricr was constructed by EXXON Company U.S.A. around 
three sides of Global Marine Drilling Company's Concrete Island Drilling Structure (CIDS) (Jahns and 
Petric, 1986). As one means of monitoring the effectiveness of the structure, EXXON Production Re- 
search Company deployed six time-lapse cameras around the CIDS. The cameras were at the CIDS 
Amtares location from mid-January through mid-August. when the CIDS was moved from the Antares 
location. 

The six cameras were initially located on the spray ice barrier. Each camera was set up so that it 
could record sea ice movements and how the movements affected the spray ice barrier. The cameras 
remained at their locations on the spray ice barrier until carly June. 

With the approach of breakup in June, the cameras were removed from the barner and redeployed on 
the CIDS itself. With the relocation of the cameras, the emphasis changed from monitoring the manner in 
which the barrier protected the CIDS to how the barrier reacted during the open water scason. The 
cameras were left in place on the CIDS until it was moved in mid-August. 

The cameras used for the monitoring of the CIDS barrier were two 16mm Bolex, H16EL cameras 
and four Automax Model GS-2 cine/pulse cameras. The differem format cameras were sclected primarily 
for their operating characteristics, especially their ability to operate under the harsh conditions of Arctic 
winters. To insure that the cameras operated properly, cach camera was enclosed in a specially designed 
heated enclosure. 

During the course of the monitoring program, 12,800 feet of 35mm film and 6,400 feet of 16mm film 
were exposed. The interval between frames ranged from cight minutes for the 3$mm film to one minute 
for the 16mm cameras. A total of 204,800 individual 35mm images and 256,000 16mm images were 
recorded for analysis. To reduce the large amount of film to manageable form, the developed film was 
transferred to a one-inch video master tape and simultancously to one-half-inch VHS format tapes. The 
one-inch master video tape is used as the primary storage medium. The one-half-inch tapes are used to 
Carry out the photogrammetric analysis. 

The spray ice barrier was constructed during the closing months of 1984. The time-lapse cameras 
were not deployed until January 25, 1985. Thus information on ice conditions from the formation of the 
barrier through January were not recorded. At the time the cameras were installed, there were ice pile- 
ups against the spray ice barrier on the northwest side of the CIDS and also on the castern side. Through 
the winter monitoring period from January to May, no ice movements detectable to the cameras were 
recorded. It is possible that some low amplitude (one- to five-meter) ice movements took place during 
this period that could not be detected by photogrammetric analysis using the equipment availabic. 

At the end of May and into June, changes started to take place in the ice surrounding the spray 
barrier. These changes consisted of the formation of melt ponds on the ice surface and a noticeable 
change in the texture of the ice. On June 8, 1985, the cameras were moved from their locations on the 
spray barrier to positions on the CIDS to record the breakup of the sea ice, and the dissolution of the 
barner. 

During the summer monitoring period a great deal of ice activity took place around the CIDS. The 
breakup of the sea ice took place, and the spray ice barner underwent significant melting and imtermiticnt 
periods when large blocks calved from the barrier. By the time the CIDS was moved from the Antares 
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location on August 17, 1985, a large portion of the barrier had been removed. A Gctailed analysis and 
chronology of the sea ice breakup around CIDS and the manner and timing of the breakup of the spray 
ice barrier was conducted. A narrative videotape was made to illustrate the nature of the breakup of both 
the sea ice and the barner. 

This work was carried out in cooperation with the Cold Regions Research and Engineering Labora- 
tory, EXXON Production Research Company and the Mincrals Management Service. EXXON Produc- 
tion Research Company provided the data for analysis. The Mincrals Management Service provided 
funding for the analysis of the data. Due to the contractural arrangement under which this work was 
carried out, specific information generated from this program will remain confidential through the end of 
December 1991. 
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Helicopter - Borne Laser Ignition of Oil Spills 


Physical Sciences Inc. 
Research Park, PO Box 3100 
Andover, MA 


Objective: To experimentally verify the optical design of a system for using airborne lasers to 
ignite Arctic oil spills. 


In the evers of an Arctic oi] spill, eather from a stepwreck or offshore oil well blowoul, i is envi- 
sioned that oi] reaching the surface of an ice ficld melung during springtime will form tens of thousands 
of pools, cach having typical dimensions of a few tens of meters (Lewis, 1976). The techmigue of choice 
for removing these pools before they transform imo unremovabie tar is to set cach afire withen a few 
days of its appearance. Due to the remote locaton of a potential accident. ignition of oi] must be accom- 
plished from an airborne vehicle To date, only pyrotectimc ignitors have heen able to achueve this task 
(Ross, 1984). Unfortunately, these devices have shelf lives of only about five years, and production of 
sufficiemt stock to clean up one mayor spill could require a recurrers cost of several million dollars The 
logistics of manufacturing and transporting the thousands of devices to a spill site have yet to be ad- 
dressed. 


During the past four years, a novel dual-laser approach to starting ot] pool fires has been developed 
After initial theoretical and laboratory studies (Prish and others, 198Sa, and 1987), a ground demonstra- 
tion of the techmique was performed outdoors in conditions simulating an Arctic environmen (Fnsh and 
others, 198Sb). Following that success, a helicopter deployable system was designed (Kung and others. 
1986). Testing of certain critical aspects of the optical components within that design is currently 
underway. 

The laser ignition process may be summarized as follows A continuous-wave (CW) carhon dioxide 
laser is used to heat a portion of the surface of an oil pool to its flashpows temperature and simultane- 
ously establish a thermal field within the o:! winch will support the growth of a nascent flame A fo 
cused, pulsed laser beam then provides energy which creates a momentary “spark” above the oi] surface 
to ignite a fire. The technical advances that led to the success of the technique were: (1) learning the 
requirements to start a small diffusion flame wtuch is able to sustain itself and spread over a large pool of 
cold oil, and (2) determining how to satisfy these requirements using lasers 


Figure | Sehewt beateres of o One Ditemenstons! Diffusten bleme 
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A schemanc dlustraon of a one-<dumenmonal &ffumon flame ss peesceied im Figure 1 Al the surface 
of the cold bquad ss a relatrvely hot layer from etech fuel ewapormics and mixes wath the mr above 
Combustion occurs im a very marrow layer located a small Gutance above te surface of the fucl, and 
combusbon products such as hot soot and gases msc above es rome As the fire berms. combusbon 
energy 0s radimed and conducted tyough Oe wr back to the col pool. dius providing the power required 
t© comimue vaporizanon of mew fucl and sustain the burreng If thus power ts imeufficer to overcome 
the heat Mus transporied to the bulk quid by conduction and comvection, the surface cools to a tempera- 
ture below that at wtech sufflact vapor is produced (below the flashpoen) and the fire extinguishes 
itself, Ties, the liquid will burn only after several criteria are satisfied: 1) The surface of the liquid must 
be hot enough to provide a vapor shove the surface wtech when mined with amieers ar, 1s combustibic. 
2) Thus vapor/aer minature must be ransed bnefly to a temperature sufficently tngh to mmetiate combustion. 
and 3) The liquid fuel must establish temperature and flow fields wtach transport less power imo the 
hquid's volume than a nascert flame 1s capable of supplying hack to the hquid surface 

Cold, aged crude oils fail to mherently satisfy amy of these cruernia To generate a combustible vapor 
mixture, the surface of the liquid must be heated to its flashpows temperature, typically as lagh as 100 C 
To ignite the vapor mixture, it must be exposed to a heat source of 700 C or more. The third criterion 
requires that the liquid absorb a certain amourt of energy before the fire 1s gruted 

Laser bears, whuch act as remote infrared energy sowrces, are used to satisfy cach of these require 
ments in the Laser Igminon of Oil Spills (LIOS) techruque By selecting appropriate combinations of 
laser power, immensity (power/urei area), and irradiavon time. igmaton of sustained. spreading fires on the 
surfaces of cold. aged ox! pools 1s accomplished The powers and smensities delivered by the laser beams 
are comtrofiied by the chonce of lasers and the use of focusing or defocusing optical components Two 
lasers are used in tandem as illustrated by Figure 2: A moderate power (< 1000 W) CW laser contine- 
ously irradiates or “preheats” a small porvon of the ov! surface thereby establishung the thermal and flow 
fields required for vapor production and flame survival, satisfying crnena | and 3) Concurrently a ngh 
power (7 MW) shor -pulsed (2 ms duration) focused laser fires once per second By focusing this pulsed 
laser bear to provide a uence (energy/unit area) exceeding 10 Jom’ at the surface of the pool, its 
energy is absorhed in the vapor above the oi! thereby generating temperatures high enough to itiate the 
combustion reaction, satisfying crienon 2 When conditions are nght. the vapor mixture ignites and 
imitiates a self-sustaireng fire Carton-diouide (CO, ) lasers have heen used exclusively im this techmque 


because of their advanced state of development, energy convermon efficiency, availability and cost 
These lasers radiate at a wavelength of 10 6 mm. in the far-infrared. 


Vigere 2 — Laser lenition of O8 Spilic ( oncept ond Sequence 


The heboopecr deployable vermon of te LIOS symiom has heen de-agned wath the following fcatures 
1. Can be matalied m a Sikorsky S61 of comparable hehoogucr without affecting 
mrwortuncss of safcty. 
2. incorpormes a CW OO. laser producing up to 1000 W of power and irradiatcs Oe of! 
pool with the required preheating wactmaty of $-10 W/cm’. 
3. Incorporates a pulsed laser wtech 1s focused to provide sufficicts Muecmor to egmiic. from a 
Grmance. fires on pecheaied on! pools. 
4 Holds the laser beams on target despete hehoopacr movemerss and vibrations. 
$ Provides sufflaem power and cooling capatulity to operatic all of the system components, 
and 
6 Can be operated by am aircraft mamecnance wechrecian 
Assuring that the pulsed laser beam is focused a the surface of the of] pool to a Muctoe winch is 
suffictert to ignite the preheated ofl is critical to the success of the symem - no spark. mo fire As already 
menuoned, the fluence per pulse showld exceed 10 J/cm’ a the of] pool surface Throughout the cxperi- 
mertal development process, tus fuence was actueved by focusing the pulsed Laser beam with shor 
focal-length murrors located withen one or two meters of the onl surface hi had mot heen shown cxoepe 
by calculaton. that sufficrert fluence could he provided from a hovenng hehoopeecr 
Thus uncenaimy has now heen resolved — a focusing system wtach meets the mismo roquiremeres 
has heen constructed and tested In addition to meeting the miremum fluence requirement, the optical 
system demgn satisfies certain economic constraints as well as lemertations imposed by the CW laser 
wtach force the system to operate from a helhcopter hovering at a fixed altitude of about 20 m ahove 
ground level Individual o#! pools are to be selected by powncng the lasers over el. vation angies between 
0 and 49 degrees, corresponding to slat ranges betv cen 20 and 3 m as illustrated mm Figure} There. 
for: the pulsed laser focusing system incorporates a capability to alter its effective focal length through 
these ranges Purthermore, a means for the operator of automatic controller to determine when the laser 
is property focused is inchud»d. 
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Figure } — Operetions! Scenarte fer Airborne LIOS System Not te Scale (After Reference 6) 
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The pieced Laser curren) weed as Oe agence os a Lamamc: Made! TEA 10) apermicd m am unenatiie 
reeomaticr opmacal comfiguramcmn Ties lasers memunailly Capatiic of yechdemg § ) of fcunatiie Cmrgy per 
pulse To provide a Mucmce well im cacem of Oe roguewic 10 Mom’ at te onl surface the team ms focused 
© a Ghamene: of shout 0 4 om umng a feoclomers Camngramma icicncoge as dhuermed m Figure 4 The 
laser beam is fire expanded by a 3S om focal length 2 § om dhamener comceve tom. and then focuned by 
am § co focal length, 25 com Giemeeer comceve marrer $= The two clomeres are nomenally scparmicd “5 
183 cm The Gimatce from Ge conceve mer 2 wtach Oe beam actecees @s meremum Giameicr 1s Or 
effectve telescope focal Grmamce §=Thes focal Gemamce cam te varied wetten te range of 20 to WH) me 
samgty by mowing Ge camcave morrer rriarve to the here by ates BD om Popure Sn a pice of Ore fexcal 
Gemarc< a8 a functcm of moerrer pom 
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Figure § — Mirror Prnteion Theereti at Rewm Piammeter amd Fleemee on Ferme tiem of Sime Bemge Free 
Tetons one te OB Pome 


The componcrns are all mourned on a single table. The pulscd laser beam is directed imo the icle- 
scope by email fat mirrors (indicated as componerss @1 and 2). The beam pasers dough componces #3, 
tee am)-eefiectson (AR) costed gecmateum Grverging lem and thence pases unificcacd through a germa- 
nium fiat, componers @4, also costed so 2s to be mon-ecfloctive at the lascr war clength The beam then 
impinges on the focusing mirror (#5) aficr expanding to a diameter of shout 1) cm. The now slightly- 
comverging beam ts reflected back along as ongenal path. and cuss the tclexope Small fla mirrors 
Girect the focused beam to a semulaied col pool mm our laboratory In a helicopacr-hased system, larger 
flat morrors at the telescope cust will serve the same function 

The comceve mirror is mounted on a linear translation stage to facilitate focusing The accuracy with 
wtach « must be posoned 1s determined by the depth-of ficld of the facused beam, defined as the range 
of Gitances away from the focal pout over winch the fluence remains sufficrently gh to assure igm- 
tion The telescope is designed to produce, at tts maxemum range. a focal spot having a diameter wtach 
is roughly 1/2 that which is required. (Al shorter ranges the focal apot is emaliier, ic. the Nuence is 
bagher) Asa result the theorencal depth of field is about 90 cm, mmdacating that the mirror must be pos- 
tioned with an accuracy of ahowt 17 mm. To determine and control the position of the mirror, it is 
possible to exther |) obuerve an mmage of the ov! pool through the telescope and vary the position of the 
comcave mirror until the image is in focus, or 2) measure Girectly the distance between the telescope and 
the ot] pool and calculate or calibrate the appropriate murror poston Option A ts called passive focus- 
ing. whnle option Bis active We are presertly exploring the feasitulty of emploving passive focusing in 
a helicogeer-borne LIOS system 

The passive focusmg system works as follows The diverging lens (component #3) causes the pulsed 
laser beam to effectrvely origmate on a plane located one focal length betund the lens The telescope 
wmages tus plane orto the wl pool By symmetry, an image of the ov! pool is formed by the concave 
mirror at the effective laser origin §=Thus mmage ts comprised of radiation from scatiered sunlight and 
infrared energy emitied im reg onse to heating by the lasers ht therefore has a fairly broad spectral 
Graribytion, « comaims energy at wavelengths ranging from the visitie to the far-infrared Much of thus 
energy ts apia from the laser team's opmcal path the germarmurn flat @4, whch, although coated to 
tramema energy at 10 6 mm without reflection, ts Inghly reflectrve for wavelengths shoner than about $ 
mom Thus, a visitle/near infrared mage of the of! pool is located at the mage plane .nown in Figure 4 
Focusing the telescope ts therefore a semple matier of adjusting the comcave muirre: positon until the 
wage of the ow pool is brought erto sharp focus 

Though thes tectemque faciintates manwal focuseng. a hehoopter deployed system requires high speed 
automated focusing We are presently automating the passrve focusing process by using a computerized 
mnage analyzer to determine when the mage is at rts best focus and employing that imformation to drive 
a motorized position caortrofier and move the comcave mirror images are captured and digitized with a 
Data Translation Model 2&5! Frame Grabber operating within a Compaq 286 personal computer The 
frame grater generates a two dimensonal array of data corresponding to the bnghtness or immensity of 
the image a cach of $12 1 512 pixels These data are processed numerically to calculate imensity 
gracherns along a set of ein ormersectong bines, as shown om Figure 6 The position of hest focus 1s defined 
as thal postion where the average immens:ty gradrert obeerved along a line writen the mmage ts man 
mized Ome of the sit bnes. that wach has the largest gradients and thus comams the features having the 
taghest cortrast 1 selected for the focus anal yer 

To find the optimum merror postion. the telescape murror ts translated along tts entire length of 
travel and the average immonerty gradiert along the selected line wethen the mage calculated as a function 
of murror position Typacal results are plotied mn Figure 7 The moerror rs then returned to the position 
corresponding to the peak value of thee curve, etch is the postion of hest focus Tests have confirmed 
that when the merror 1s posmconed usimg thes algorithm «ts withen t 1] mem of the positon whach would he 
calowlated from a derect measurement of the drtamce to the ol pool ewrface. ie . the positian indicated by 


Figure § 
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Figure” — Average lenemnity (or edieow Abong 0 | ine 
of Vemage oe Mire Pome 


Pigere 6 — Mwstration of Met—* * sed to Mantenize 
Image ( ontrast iptensity (.redionts Are ( ak wiated 
Aleomg the Inte ete t | ines 


Thus passrve focusing algorithm can casily be av’ enated by storing the ermenerty gradiore fumctecm om 
COmMpuler memory and programming the compw «to Grrve the murror to the postion of mar ermurm 
imiensity gradhhera However, computation of the imenety gracdeerms is rather ime Comeurmng = appre ars 
that thes method would require several secords to refocus the telescope after acquenng anew mmage 
Thus penod can potentially he reduced weeng custom buh analog clectromcs or a tegh apped computer 
but both ahernatives are expensive However. by utilizemg actrve focusmg. Mgh apeed with equally porn! 
precimon can he had at what will ulemately he a lower cost An active system uses a laser range frrder to 
cortitmually measure the distance to the on! pool and metruct a cortrofier to property postion the focaseng 
mirror hased on precalibrated Lnowledge of a posroreng curve such as Figure § We armicepate that 
future developments of the LIOS techraque will moorporate thes som of actrve system 
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Heavy O8 Behevier im the Ocean 
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Otyectrve = To deaermone Gee fme and bethawir of heavy ome om the cea 


Eavwormners Canada and the Minerals Mamagemers Service are yours)y emwemgating the {me and 
behavior of heavy ols mm the ccean Of partowlar concern is the phenomena that oe! can he overwashed 
by water even though ms Gereiy is somewhat less than waier Also urxder investigation is the semkuing of 
Gemee onls and the long term fate of sunken onl namely the gueston of whether « romans om the water 
cotumn and thus bets a shoreline oF semhs to the homcm 

Several reports are im the lacrature regarding wemking oF Grappearing of oe! slits These mmchade the 
sup ARROW (Foremer, 1971), in etch large Grops of emulsified Bunker C were deiected @ depths of 
up to 8 mewn, Ge USNS POTOMAC (Petersen, 1978) inciders during etuch subsurface of] mats were 
obmerved. and the IXTOC wmcaders during wtach mats of emulerfied on! were alan otmerved below the 
surface The curn er immer cat in Gus phenomenon » ws sparked by the KURDISTAN imciders (C CORE. 
1980 and Rewner | 98)) where sunken pans of Bur/.cr C were nened and same of the off that was later 
beached was nat obeerved during surveillance op rations mm the same area Several reports of sumben on! 
tn Southern Califorma have heen crrculated React dacumerned moderns of sumben om! mx bade the 
KATINA tmcidera (Rijk watermaat, 1982) where Bunker fuel sutenerged ben later was beached and the 
THUNTANK 5 inciders in Sweden (OSIR, 1987) where a quantity of 36 to 40 toms of Bunker fucl sank 
my waters All these incoderns involved denser oils oF water in cn! ermulmom Some of these moderns 
also involved the formation of particles rangeng im size from millmeten: to meter 

Several studies have heen conducted m the past to address vances aapects of senking or subenergence 
wm off pels in 1982 Exrrrrormern Canada cormracted wah Seakem Oueanngraptry to conduct a study of 
oceanograptac condoms suitable for senking of ov (Jusrho and other: 1986) The study resulind mm 
extensive density maps of Canadian emer oh was combuded that there are suffer pyorex tines and 
areas of low densities to cormritwte to some of the observations of himtoncal apell heavier 

In 1984 the Adarex regional office Exwironmernt Canada with funding from the PER D (Program 
for Emergy Research and Developmen) progect began a} year study of the problem of submerged o! 
The first year of the study was hoth a review of the movement of sunken o! and an exploratory study 
ormio the mecharmems of semk ing 

The study of the subsurface moverners of oF) was cortracted to Seakom Oueanograptry (Juszbo 
198S) The study comcbuded that the movemers forces for subeurface on! cowld he Grvided trae twee 
categones, macroscale mesoscale and moron ale The macroscale features ix tude general orrculation 
patiorm. seasonal water density distribytions topngraptac ally related features (frowms ard froma! corcula 
on. upwelling and rectified flows) and macron ale waves and eddies Menem ale features or tude 
wmernal waves frores longitudinal miuing ard Langmwr cn ‘aman The primary microm ale feature is 
turbulence An idealetx fowr domensanal model is propose ocr te movermer of submerged od The 
explormory study of the mecharmems driving ov! sutwnergerky ~eagated by Don Mackay of the 
University of Tororo (Wilson and others, 1986) The study « +) that a eubetant al quartity of ox! 
can he sutwnerged im the water column urdder steady sate comdmrcm hee tient of sulmergerwe is 
tmoreased by a hagh of dermity ccournng naturally or mduced by weathering by the preanmwe of mgrefi 
Care surface tuftulence. by the formation of amall on particles or drops ard by the formation of water 
incl ermulmar =A coms demertary ciploratcry study showed that large owl manacs wtih are sh gtely 
less Gerace than water may be subenerged for perce: of me by surface tethulemce «Thes emperiare 
finding eas called “overwastung and was trvesngmed further weeng word bien ts wengteed wah lead by 
was found that on and on! surrogaies would teoome overwashed with warn when the denety was as low 
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a gre ad owerwasturg ume mcrrascd a te Gomety mcrcaned and as Oe wave heagts mcrcancd 
Tims ptrenemenan cowld explam some of Oe Guappearances of cul @ sca teceune even overwantung by 
lartke a fee mmcrces of water remden od mite to cye ad sceme forms of romonr sete. capecoally 
& otiigue angics 

The Urevermty of Torco eas commraand to conduct a follow up sudy and Oe owerwastung efile 
was mrvemigmed further (lat and others 1987) The mrveuigaion used on! and on) semulares such as 
wengtaed word lard packs and plata balls Waves were very emgertiare mm Caumng overwastung 
Overwastung became: mut more pronounced eath mxrcasmg Gemesty An equation relating these 
fagion wa developed 


P «cup | 407) 


where D« KU" /(S0D" +0 +L» 
0 KL. ave commtares 
6 = degeh of submnerperwe 
' » wind apeed in mA 
SGD = @e gnecefc gravity Grfferemce between the water and the ol 
L + the mean Giamewr of the od Grap 


P - prohatebty factor and overwastung accwnm ehen pis § 


These studies were followed ty a senes of larger tewts ma wave tak and were comducted by 81 
Ross Brvivrornernal Research | smmed (Bure and Pomer 1987) The fendengs wx tuded a further defire 
tom of trammern eutenergence of deep epranies wtach had heen ofeerved tat nee quarerfied mm carter 
studies That phhonommencn i descrited as te plunging of on! partx tes doep emo the eater column are! 
remdemce there for a periad of me The phenomena i trarmere and generally does nen mnvotve al! of 
re on) im a test ertuatiam «An equation for the masemurm overwash depeh was deveioned and i the sare 
form as the overwash depth equanom ten has é:flerert comstares 

E.quanoms were developed for the overwash depth as follows 


é = Con (Gem a'20* eT 


where d= overwadh depeh (m) 
¢ * & cConeiant, Getermined te 75 « 10 ad tc 29 & 10° for 
Measuring trarmen aubenergermwe depeh 
a * off particte » ‘ve (mm) 
den = te denety of the water (Lgim’) 
a> wave heute (m) 
Gof! ~ the difference herworn te water deneny ard the cel demerty (bg/m’) 
D = 2 comstarn ts 0 725 and ts 0.625 mm the case of transiers subenergerwe 


Gegah 


The study alec remwlied in the devetogener: of equations relaceng Ge size of the oe! park abes pro 
Quced under ceriam comdniorm The eve of the partn le eames Gerecthy eth the aguare rc of the wave 
length and wmvernely wrth te square roc of te wave arnpbeude 

The peethatebery chat od i at a certian depeh can agarn he predwted as grven by the relatcmatep fore 
by Mackay a prvem ative 

These renults have heen used to prepare emptied nomograms: to predat the owerw anh cw aatener 
gerwe depch Figure | preaere: the overweash of matermur trarmer eutemergeme degeh for fuel cools and 
Figure > preneres the carne for eater om cm! ermal esc 

Heavy or tegh Gererty eels (am hecemme overwashed or ern mm emer Obl: that hawe demenes of 0) &) 
to 0 96 cam teoemme Overwasted euth emer m tegher wea ctmes Oble wath Gememes of 0) 94 to | 01 wll 
frequeraly teoemne overwasted weth eacr m tegher eca cates The depeh a eta® owerwastung ccourt 
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can be predicted Overwashed wil will weather differently from cul om the surface and may he difficull to 
detect as the then layer of water renders « rvisihie to remote semaom and human vimon at othique angics 

Heavy ols may also sutenerge to greater depehs than from normal overwasheng and ts phenomenon 
has teen called tranmera sutenergence or deep cpracdes The masimum depth to etach Owe occurs i 
also prods tatie 

Beth overwastung and transiers submergence are deperiers om the wave height dene: 4 ference 
of the ofl, and water and size of the of! particle or toh The latter can also be predicted by '2') um wave 
length ampltude and oe!) properties 

The “fenerals Managemors Service and Eewvwrormernt (Canada continue to Comduct research on thes 
top The currers ieucs ectude the long term fate of surhken or overwashed om! that 1. will od semk to 
the homo or will weathering he slow enough to allow the om! to he tramaporned to shore” Another ieue 
to he anewered is the long term weathering pracess appx atte to sumkon or over ashed ol Can the 
length of tame that ce! floats at newtral buoyancy orm overwashed he predicted ao that ane knows 
whether or mew a aged) of such onl well het the shoreline or the homiom” Also how do typecal Cabiforman 
and Canadian heavy ons hehave eth reanect to oels already tested’ Three studies are underway at the 
tume of eriting Comeuhcherm of Onawa (Canada is mrvestigatiing the properties of a number of type al 
heavy ots ecbudeng two Caleforma crudes The firm also has a cortract to mrvestigate the role of pho 
tamudatiom as a long term weathering proces: The Umrveresy of Tororo is comducting a study to 
cramene all poseitie long term weathering for ames or overwashed onl to cramene the processes 
reapemeitie fer the long term weathering and alae to propose an emetial weathering made! 
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Evaluation of O81 Spill Chemical Additives 
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Otyectrve. To cvabuaic two new spill weaning agers m the Laborsiory and ficld stuasoms Onc 
ager, Ehamol, is a sccovery-cohancer Gut renders of! viaco-clastic, the other agent is a 


Gemoussfier’, wtach preverss the formabon of waicr-1m-cil cmulmons and breaks 
Gown those already formed 


A new od spell treating agert. Ehamol, has been developed for enhancing the recovery potential of oil 
When added to oil. the polymer power renders cul visco-clastac and thus makes « adhesive to onl spill 
rccovery equipmem. Elasol is composed of a non-toxic polymer, polyrsobutylene, and 1 mot water 
soluble and bydrophotec A major study was undertaken jountly by the Minerals Management Service 
and Environmmerm Canada to evaluate es new spl] adderve Studies were conducted m the laboratory, im 
large scale test tanks, and a major fickd cucrcise was conducted off Canada’s East coast 

A’ the tame of the shove tess, another new spell product. dcmouwswficr, was tested m large outdoor 
tanks and also at sea This product. also consisting of a mixture of long-chain polymer, whch have no 
measurable tonicity to humans or to aquatic life, was developed at Envirorencrt Canada's River Road 
Laboratories. The product preverss the formavon of waicrin-cil cmulmons and breaks them once they 
are formed =A similar product was tested by Emvironmem Canada im carer tests (Row. 1986) 

The laboratory tests of Elastol involved scveral differert cupernmermts The effect of a suite of 
differen oils was tested by measuring the ume to effect and the degree of clascity formed These ouls 
included Prudhoe Bay Crude Alberta Sweet Mix Blend, Norman Wells, Bert Horn, Hyberma, Diese! 
Fuel, Tarsiut, Atkinson, Amauligak and a Bunker C mix All onls displayed visco-clastic properpes when 
treated with doses of 600 to 6000 ppm Elastol In general, more viscows ovls tended to attain a tugher 
degree of elasticity than non-viscous ots, but did so over a longer penad of ume No sumpile correlation 
between an oil property and Elastol effectiveness could be estatiished Elastol effectiveness ts enhanced 
by mixing and by higher temperatures, although the laticr may he the effect of mcreassng o8! viscosity 

Under low mixing energy condipons, o#ls extubried some degree of clascity withen |S munutes of 
Elastol application A high degree of clasticitty was not otwerved unt! after one howr Less viscous otls 
took less time to reach maximum clasticity thas more viscous ol If left to weather, Elastol treated on! 
became more clastic with the increasing viscosity of the ol In fact some sampics icft for W-day penads 
became as clastic as rubber bands sold for sabonery purposes Thos has heen ascrited to the effect of the 
mcreasing viscosity of the oil with weathering (evaporation) and not the progressive reaction of the 
Elastol 

Elastol causes a minor reduction in the rate of ol evaporavon. bul not sigmficart cnough to reduce 
its flash point Elastol reduces slick spreading to a lemned degree, cxepecially at gh concentrations This 
effect, about 20 percent, is not beleved to have a significant useful result, by meelf on real apphcatons 
When Elastol is applied in very large doses, >! percent, the slick would actually contract somewhat, bul 
again, probably not to a degree usable im the field 

The addition of Elastol had cither no effect or an mntutnung effect on the formation of watcr incu 
emulmons, except in the case of Amauligak and Tarwut ols, both from the Beaufon Sea region ina 
couple of cases, the applicavon of Elastol to emulsified oF! actually led to meawratle de-cmulu fication 
Application of Elastol to stable water smcrl cmulwoms sometemes did not result on wgmificart effective 
ness Testing with commercial de-cmulsifiers and the Emvironmecm Canada demoussificr, showed that 


* The mining of od and water farms an cmulsim resembtong the dessert known as che clate mousse 


148 


Elastol has no effect on the operapon of these chemicals and thus these products could be used together 

Elasol reduces chemical dispersam cffiecuveness by as much as an order of magnitude. Elastol also 
reduces natural dispersion of oil imo water by 2s much as thee orders of magnitude. This property. 
while superficially appearing negative, 1s actually gute useful If Elastol 1s used im sttugbons where the 
aquatic life is very sensitive and mmportam, i could reduce waier concentrations of of] in the water 
sufficemiy to minmumure damage. 

A Ge swell apparatus was developed wo provide measuremem of clamcty The mstrumem draplayod 
good sensitivity to polymer concemtravon and to the degree of observed clasuciaty. The mstrumem could 
also be used in field condmons and dreplays relative msonsstrvity to debris and water m the oil. 

An applcanon device for cach of the two products was Gemgned, as commercial Gevices do not cust 
for Gclivering treatments af the low ratios necessary Elastol would be tested af treatments from S00 to 
S000 ppm and the Gemoussificr would be tested from 150 t 2000 pom. The search for commercial 
Gevices revealed that no suitable devices could be found but that sandblaser-type devices could be 
modified. A Scars commercial blasicr was modified so that & could spray low quantitics. Onc modifica- 
tion was necessary for the solid Elastol, and another for the liquid Gcrnoussifier. The applicator 
Operation was tested on cach product to cnsure thal umform spacial distribyon was actecved and that 
applcanon rates could be comtrolied over the necessary range by adjusting the air pressure and applying 
the product from a boat travelling at approximately 3 knots. A serics of test tank runs were performed 
with the new applications to cneure thal results ottained previously with hand distribution techmgucs and 
with pre-mixing were the samme as the presen results Success was achoeved im all cases. No dctnmemtal 
effects were noted dunng application of exther product. such as had ucen noted with dispersants where 
herding and other phenomena decrcased measured effectiveness very dramatically (Bobra and others, 
1988). 

Pan of thus study involved large-scale tank testing of both products. The Esso test tank im Calgary. 
Alberta, was weed for these tests. The tank has dimensions of 15 m by 19 m with a depth of 8 to 2 m 
Two test days were devoted to demoussficr and two to Elastol § Testing was conducted im two boomed 
areas inside the tank «This permitied the ssmultancous testing of a control and a treated slick at the samc 
tume The demoussificr prevented the formaton of water-sm-oil cmulsons im both test days and did so at 
ratios as low as 12000 or a S00 ppm 

Elastol was added to a test crude ol at the 40000 ppm level and the test slick released several hours 
later when the oi! was tughly clastic §=Despete thes Ingh clastcaty, the on! was of imsufficsernt thackness to 
burn. The of] was recovered by a rotating disk skimmer and Elastol increased the recovery rate of this 
unit significantly in fact the maxsmum pump rate could not pump all the oil hemg recovered On the 
fourth day of testing. crude oi! was treated with 20100 ppm Elastol and recovered with a skimmer The 
recovery rate was, again, ugh and caceeded the capacity of the pump to remove it from the skimmer 
head On thus particular day. the ot! i the untreated boom had formed an emulsion This was treated 
with demoussificr, as was the Elastol treated slick, to ensure that this did not affect the test results The 
demoussifier broke the emulson im the untreated shck and no emulson formed im the treated slick. nor 
were any other effects noted =Durnng the first two tnal days, the use of demoussifier reduced the eflec- 
tiveness of the recovery operation significantly Thus « was concluded that, on a preliminary basis. 
demoussifier and Elastol could be used together productively 

The large-scale tests showed that there were no scaling effects for crther the Elastol or the domous 
sifier Both products worked well for the purpose imtended Elastol moreased the visco-clasnicity of the 
oil and greatly increased the recovery potential of the oil skimmer Elastol did not, however, reduce the 
spreading of increase the thickness of the slick sufficiently to allow direct burning on open water De. 
moussifier prevemied the formation of water moi cmulwoans and could also break cmulsons already 
formed Demoussifier, however, causes the oil to he less adhesive and lowers the recovery rate of shim. 
mers The products can he apphed together to actueve both positive results 

The tests conducted im the tank were repeated on S-harrel slicks during a ficld trial SO miles off Nova 
Scotia (Seakem, 1988) Five slicks were laid to test cach of the products. Each product was tested in a 
premixed and an application at-sca made, to ensure that application effects were not umportant Table | 
summarizes the treatmeres and results of the tnal 
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The demoussificr trials were performed by laying down a five-harrel on] slick. treating a woth the 
progect at the rato demgnated, taking sampics at subsoguctt mes, and measunng te water comicra and 
the viscosity of the product. One slick was icf urtreated throughouw! as a comtrol and another slick was 
left to form mousse (water-sn-cil cmulson) and then treated at the 240 minute smterval to test the 
demoussifier’s atulity to break cmulmon at sca As can he soon by the Gramatic reduction in viscosity 
(105000 to 22600 cSi) over the 30-mirwie penad between samplcs, the product worked well to break the 
emulson The product also worked well over the five howr test penad to prevert the formation of 
emulmons Thus ts also ibustrated in Figure | whach shows that there 1s a strong correlaon between the 
viscosity and the amount of treatmert. The greater the treatment, the less the viscosity, because of the 
lesser water comer The water comicri was also measured and was universally tegh. including those 
slicks that visibly did not form water.in-oll emulmon: Although water comer ts indicative of the 
formation of water-in-oil ermulsificapon, the statulity of the crmulmon would have to he measured sence 
the non-emulsified oi! dd lose water slowly The water coment of the slicks ts emeresting mm that al! the 
slicks laid out, over the two day test period, rapidly took wp water, including those slicks that were 
treated with Elastol This was noted despue the fact that the on! viscosity was bagher, but not as high as 
that expected from an ermmulson and the on! did not have the appearance of an emulsion The appearance 
of the unemulsified oi! 1s also mgmficart, the water dropicts were often of sufficiert size to be seen im 
this ool Emulson appears reddish brown, has a tegh viscossty and the water dropicts are too small to he 
seen 


ex} —-—+4 + ---5 + - 5 > a = > - rs --»-4 


=." eee” = =6Gee 


Figure | — The Effect of Demeuscifier Appt ation an V inemeity 
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The Elamol tems were periormed on an anudogows manmer. wath ome Commrcl slick Land and ome shit 
beang pretreated to tem Gee effect of ai-eca weammere The slicks were sampled penodically. and toh 
viscosity and clasboty measured emmodumcly on board Ox step Elamcty was measured umrg Ox dic 
swell iectrague m wtnch cul 1s pushed Geough a small opetumg and the fund rcapomds to tus ty swcllrg 
t© a size Corresponding to as clamicaty Thus 6 measured by phoaograptung Oe secil. measuring wath a 
vermncr Caliper and companng etarcaicd versus weaied ail to yeh a rabo wetach 6 Gcxcrited as “claw. 
City” im Gus paper 

The clasmomes of the erated slicks were mgreficarely tagher Gham urercaied shchs and correspondod 
t© Ghose expected in Ge labormory In fact. clasicetics m Gee Cane of bugher Goscs, actually cuceodod 
lahormtory results Thus uneapected reeuli 1s peohabty Guc to Gee heticr mining actecved mm the ficid 
situston This ts shown im Figure 2 becrestingly. Gee Goscs and clascities im the ficld appear to te 
lunear. a phenomenon that has mot heen noted before 
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Figure 2 — Bleetictty of Chie After F lantet Treatment 


The elasticity of the onl was sufficeert to Cause the stringing of the product when samples were recov 
ered. This is indicative of a very high aate of elasticity and would result im high of] recovery rates if a 
shimmer was used The clasticity appeared to he urmform throughout the slicks deapate the typecal non 
umiform distribution of treating agera at sea 

The shicks were momiored by a remote sensing arrplane. the analysers of shock areas ts not complete at 
tume of writing, however those shicks treated with Blastol appeared to he emailer and the wre of the shiek 
appeared to correlate well with the amourt of Flasol In fact. ome was able to emmediatcly Gretrmguidh 
shocks by ther size, the S00D-ppen treated shock heeng the emaliest 


Summary and ( oncluwom 


| Elastol functioned well im the laboratory, test tank and im field situations, « caused ot! to 
hecome viaco clastic om all applic ater. 

2 Ehastol is abe to float with and mia with of! so that application ts not critical as 4 ts with 
dienersarns. 

4 Demowssifier has the same apphcation mmsenmentrvity as docs Blast. 

4 Elastol function: well to mmpro . of shemmer recovery. 

S Elamol dacs dow down and retard slick apreading. however tus effect. for piryscal 


roasoms, 1 mt sufficeces for COumiermecasurss purposes such 28 Gerect aprutan of oil an waier, 

The Gemousmfier peeverned cmulmon mm te test chicks ower Oe five how: tem penad. 

The Gemousmficr broke water-an-od cmulmors m 10 to 1S scoomds after apphicanon, 

Appiicamon effects, such as herding, loss cffectrvemess. cic . often noted wath Grgpersarns, 

were mx noted at al) wath eather product. 

9 Waer comers «6 not a good imdcamtor of mousse formation as all chicks af the offshore tal 
acoummulaied a large amours of weaicr Stshie mouse formation 1s mdicaied by a mabe water 


comnern, email) water Gropict sire, red coloring and a very tegh vixcomty 
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No further spills of Ghee 20.10 gallon wer of hgte and eae) cols wold Geeerfore te mguerd we eae 
ame cach type of boom Ocean Gumgung perme arr Grffiowl wo otnam and wuctmecmal ool sgl) cacroncs of 
Gus mageaude aggeoact Ge mill Gcilla fundemg iewe! be adem emctecmal spells also Comommune @ 
n% of pomermial Gamage to Ge ummodume omvrcmmere Oicatty a com <flocive and norgediang 
evalusbon procedure fice offuhorr equipment nm necessary to Grecia a predates capatelery few Oe 
performance of offuhowr ro. omer eguymners Wind condaems Grand were aca mae > wm 4 (winds }0) to 
20 kets, | to 4 fot weve) 

The supe and emailer veeacts salle’ 2 6 (ED am and proceeded to a kx atm § § miles off Tothey 
Pou. The COG Geoniell Gem Gopioyed Ge OMMSETT teen and passed ore ond © Ge COU Comer 212 
wtuch tack the boom mice The COG Cutner 20) them amicmgnnd © pack up Oe traviing ond of Oe 
hoc. a od wtech tack 48 mmematcs As acm as the OF had Ge ond of Ghee teem scoured Me feo cation 
amempand 0 tow Oe boom m aU” configura emo a poem amern of Oe Terra Sows Sea The 
resulted m the OMMSETT tec emmedumety hegereeng © tert on aactf and | how ea ioe om 
mraghactung the boom Evertually te tec eas poemecomed relatrve to the Terra Sowa Sea ated seme 
laned Grcharge of the onl was carmed owt Data codiecem eathens col fer atmo | how foliownd 

Wrhule the OHNMSETT face was hewng depieyed and poemomed the RO BOOM was depioyed from 
te COO Sir Hamptecy Gilbert and passed © COO Cumer 214 Tike pemoedere tock aimoet 2 hewn, and 
the RO. BOOM was ragedly poemoned wuth reapect to Ge ONMSETT tence tecawne tenth the Cumer > 14 
and a Bomon Whaler were atile to tow the fee at apeeds of § knees 

With te RO BOOM im poemem the Cuter 21) and O08 commenced to mamnewver presumatity to 
form a “7”. The Cumer 206 then snagged Ge OMMSETT catite im her screws and cut 0. Gicabiling herself 
Thus resulted im delay of the exnercrse wtwle the cathe was freed and because Cymer 214 and am asorst 
boat (a Boston Whaler) were now approaching closely, the Cumer 2!) toot the hoon and Cumer 206 m 
tow and cleared the arra so as mee to empede the erence 

Denng the penad m etuch the RO BOOM was heg deployed the COU Gremtict) depioyed the 
Vikorma hoom Once the simulated ov! release was over the Terra Nowa Sea tack the other ond of the 
hoor and the vesscis formed a catenary After holding poetiom relatrwe to the RO BOOM for a eto 
period. the steps formed a “J> with the haem and practwed depieyeng the chemmmen 

All stups returned to harhor by § (1D pm 

Several meetings of the semuor prapie mvotved m the caxerire acowrred hetween Sepmermher >! ard 
September 23, 1987 h was decided to remove Cuter 206 from te exercise The Boston Whaler was 
able to tow and hold the hncwn om sea state | het @ was rrongruzed that thes would he Geffiowdt wrth onl om 
the desired weather The Newfoundland Fishenes departmers had prowided a vewse! the Bermer and « 
was decided to wae her and a second chanered offuhore supply vessel! (OSV) © tow the RO BOOM 

Concer was expressed that the weather might. surpremgly he tan calm om Sepmernter 24 the day 
winch looked hest for the actual trial hi was. therefore decided to waerchange the OMMSETT and RO 
BOOMs to take advartage of the hogher winds and waves expected laser om the day 

The long time required to deploy the RO BOOM from the Ser Mumnpitwry Clter led to a deceman tm 
deploy that hoor from the second OSV. the Trumph Sea Repairs were cared ow om the OMMSFTT 
hoom imetrumented cabling and the hoc eth metrumertation was functional by 8 (1) pm om Sepmem 
ber 2) 

Sence the Terra Nova Sea had ov! recovery tanks on hnard « was decided to Grapemae wth the durnh 
barge and to release the ov! derectly from that OSV 

The Treumph Sea and the Bermer sailed a 3(1D am All other vensets sated a 4(D am and 
everyone was on station by 645 am The Trumph Sea commenced deptoymer of the RO) BOOM 
enroute, and by 7 Kam the hoon was ready to recerve of Once the OMMSEFTT heen was deployed. 
m8 1S am. the on! was pumped irae the RO BOOM under supervise from the hehorgner and » ermal! 
boat 

All off was in the boom by 90D am 

ht was decided to grve the news media a Charwe to view the tent frown che ae ard Ge was dome from 
90D am w 1000 am. Doering Oise period, te Cutters 212 and 214 aeengeed © pel Ge OFMSETT 
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hee EO proper powten mm de wake of Oe RO BOOM and to keep a Gere Every atic to move tr 
tec om 3 Caiemary comfiguraen om Ge 1$ ice winds owing a Oe ome roelied mm Oe boom fers 
mg As a eeu Ge ONMSETT towem fell peogreservely further hetend Ox RO- BOOM 

Ai 10 Dam. Ge of @ Ge ont of Ge pocket of Oe RO- BOOM was 1 com Gack. Ge wind was 15 
trem. and some aplawhower and wpreficate Gramage undcr Ox hoc were acourmmg The veuscis. 
Gerctore, foemed a “7” and ecicased one ond of Gee boon to allow Ge ofl to flow mao Oe OHMSETT 
team The OMMSETT teem was apgeouemaicty | ke amcrn and Ghee vowels were hawing trowhiic 
oom Gis boom @ a Caiemary eethow « tencing bh was. therefore. docaded i Grrect the cutichs towing 
te OMMSETT thocee to Ghee cll by hecdicogucr, keeping Ghee boon im 2 araight tow Aficr 20 mirutcs, Ox 
cuter: were adjacets to Ge @uck cel, and. after a further 20 moretecs. apperoumaiely &) percers of the 
ut of was mm Gee ONMSETT boom The romaining 20 perce: was commzined @ Gee Vikoma boom 
Dams cofiecton on Ge OMMSETT hocen aaned as soon as the of was Captured and commimued for $6 
martes The cumets then mopped across Gre path of the venacis towing the Vitorna boon and reke aned 
ome ond of Geer tc The cul ailied ono Ge Vikoma boom catenary, and one cuticr trailed the 
OMMSETT toc a Ge Geoat of the catenary allowing Ge waves to wash the ool eto the Vikoma boom 

The Grenfell and Terra Nowa Sea towed the ail filled Vikorma boom for appronimaicly | howr 
Dering Gis time, Gee wind freshened to 15 knots © 20 knots, The boon was moving over | | knots 
relatrve to the sea and scene onl was lost (approumaicly } mm ech) The Grenfell then atx mpned to 
move ahead to form Ge “J” for the chieemers Not being very mancwverabic, she quickly ma ched 3 4 
brews ard the onl was lost 

Wh te of now lost. the weather abated slightly The RO BOOM was wll streaming amern of the 
Trump Sea so « was decaded that the and the Bermer would form the hoor mmo a catenary and aticmye 
to recever the ov! by seaming dowrrewd The heloogner was lost to the exercise for approumatcly | 
how at Gus time Im the emervn a email boat was weed to guide the tow vessels immo the heavies! portion 
of the cht When the helocopeer returned, « was atile to determene from ms vartage powers that the vewse!: 
with the RO. BOOM were adjacers to some of the of] though they were unatiic to see They were, 
@erefore, Grrected from the ar avd email boat. and managed to coflect 80 to GO percent of the thick ov! 
wtech was on tee eerface at the time 

ON was successfully commamed and recovery was atiempted werng the three shemmers on hoard the 
recovery command vessel The first shimmer HOS. was deployed and no measurable recovery was 
otmerved The ov! wed was madified by adding petroleum was so that « would resemble a typecal Grand 
Barks crude off Thus type of off ts: uncharacterietx of most crudes im that # possesacs low adhesive 
propertes Therefore clenptwh< shimmer. etach depend upon the adhesrve nature of the recovered oul, 
do net perform well eth tegh paraffin hased ols Thos was agam proven with the oleaptylx HOS 
shammer The shimmer was recovered after several trarned oteervers were satisfied that a had sufficocrn 
evaluation time m the comamed shot Protiems eth the mately of the wuppor arms weed to euepend 
heh the HOS and Framo shimmers and adjust to the roll of the vessel! mm the shorn penad waves reeulied 
wm heh shemmers heeng frequerty sutmnerged so that onl and water were washed iro then sump. 

The second shieemer, te Framo ACW 400, was deployed The overall rate of ofl recovery was 60 
gallons per mermme there heeng urincen amounts of onl recovery hecause of frequemt partial eubener 
peme 

Al @us pown. « was decided by the am scene commander that shimmer evaluation was complete 
AdGmomal measures were needed to emaure recovery of the remameng comarmed on!) because the weather 
em detenoraming and the mgt approacteng Accordingly approummately 7 pownds of the vinco elastic 
agers “Plasto!” were apread from an § ounce styrofoam coffee cup ito the estimated 7 4010 gallons of on! 
and on) water ereulmon im the comammnernt boom Flawel was added hecause previows research supponed 
by the Mewerals Managemers Service and Eevirorenert Canada had shown that the clastx and adhesive 
propernes of the os! cowkd he mmcreased by addetiom of the agera. thus making the ov! more readily Cap 
twratie with these types of shummer: The Framo ACW 4010 was retneved from the shock as the Blastol 
wat added and tex awee of rough weather and the lateness of the day the shimmer was not redeployed 
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The weertype shamemer, Pharos Mare OT 16S. eas Gegioyod amo Ge weed dct. & moowrrnd 
neal Capacity rmcs of ES gallons per memune of cl and od Crm Gere tewng no free war The 
covery raic was tegher Gum weaned and may have teem cven tegher of Oe ow! had heen urerr mod 
Treamerts mgreficandly morcased Gee wecoutty of Oe onl Tie stumemer was romowed from Oe wat 

The HOS stemencr was redepiioyed and yecided a recewery mmc of S) gallo per memane Cwon Creme 
a portman of the clengtulk fate on ane of as teo drums eas Gamaged Deters: ea onlicand # the wee 
m Qe vernun symem weed to measure rooove;ry Mand flow cars The Gctets may hewe comerituned wm te 
suteoquers fabure of te HOS sumener return hose “No flow cmc moaewrereeres wor Wake before the 
tabure Viewal oteervanom on Oe amours of cel adhering to Oe cloogtwle fatex of the HOS steemer 
mmdicmed that recovery rmcs were meri anh) mxrcaned ty Oe adder of Plame 

Opermiom were suqpended because of Oe mcrrasing sea macs and af anergy Gatt.ness 

An overflogts of the areca ty hehoogecr eas Carmed cus Guring Gee shoring cgeratem rewe along 2 
teen approuimately 2 5 by 0.5 nautical miles weth } panctes of teoen oll bh ts cote’ Gut no mere 
than 2&0) gallons of ail remamed mm the that panties A furtier Migte 16 femurs lace cowed Gun emily 
emall brown paicthes and sheen romamed and thes was ragedly Gene rerng 
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° Thorough proficiency om the uae of recovery equigemerts 1 cesermial for eflectrwe aneraters 
Rowtne practice ms roguered to acteeve thes degree of readies 

° Large vobumes of ot! (at least 20(000 US gallons and preferatdy BOCK) gallons) are necessary to 
realrepcally evalume performance of offwhore reanomac equipmners 

¢ The use of hehoog ters to Girect the placemoer: of tow vessels and the wae of omall wewnrts t 
monmmor and advise on hacen comdmeces are cracttial to masemize the efficren y of CoOmwnrmcmal! 
receve;ry aperaticrmn 

* Accurate measuromerts of the metcoraiogy al and sea comdmcrms are necessary for accurate 
anal yes of the ev aluahorn 

¢ The requirements: for slow apeed towing and manewverng of large CoOmmammnern Meer: mecenor ate 
the use of vessels with vanabie pach propetion few trrusers and pred seamanshep 

¢ Tes net pioesrtle to form a recovery comfiguraticm wemmg two veenets toweng upewwnd A herd 
vessel 1s necessary for recovery of the orl m the Catemary 

¢ Upernd coflection proved mmposstte ehon winds approached |S kmerts Thee m Comersiere with 
mary past obmer anon: for comamnmnernt aneratians Comducted upre re! 

¢ The upper meteorology al and sea state beets for dowrrewd comtarmnerr and reoevery were new 
reached Gurvng ths teow 

¢ Cortamed od ell be lost if steptinard Gracharges each as combeng eater mmpenge wpe the whit 
during recovery operation 

* Tambage showld he available for recovery of several tomes as much Mund as dra harped to acoewrn 
for the onl and eater ermulmom and free emer rooovernd 

* Recovery of tugh was orls semelar to Newfoundland crudes m 10 degrees ( water rs eoprefn arely 
enhanced by the use of Blamel 
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Lameuman of oopertiamal harnen fer Comasemere and Ge fiectem ef ow agelis om Curreres ahewe | 
tows hewe peomennd Ge study of ahomnares symewms eta groerae kx ally a homscenal surface Currere 
© opgeee Ge movemers of foaming of Aw pots wore tomed & FPA’: OMMSETT faciiny (Cotten. 
Landerenuith, 19°79) tus & was chown Sit a large perseur Grop @m te Gat would perctude Oe devel 
mere of an opermional hermes Plunging emer pots were also towed @ %e same faceley (“anh Farttow 
1984) Used ett low pressure (1 bs (2) pee) and tagh eamer wolume (HD ee (8 US gpm) trey 
@erwed gand effksemy ma defleciem comfiguranan Undortunmety the kogia s exreanes caged) woth 
Oe Aeflecter Getaece and Oe Currers erength Fig fan tegh peeeeere emer et. hor rcenally oneracd 
a@urwe Ow surface of Oe earn ete sereed preetmiad © tae tewteng @ OMMSE TT were uaed m an 
artey comfigureiem m fiver: and canals (Meitie Wiunaber Lapernere 1965) Deflection m curreres of 
stuns 2 bts was pe enitie even Ormgh Oe symiere ward was tee fully cpeemized ten seffsernly 
operatiemal to test Oe comoege Alematrve wacs of Gres tecteeque were aiewi fied amd commdered few 
further weeteng to comma om! om the presence of floating we to PwerD and peemect dal mad floats ard to 
tase floating ool om sete mowe effxserety 

The evaluate Grecwsaed im Gus reper is the commareners of on! m the prraemor of wer 

The ctyectrves of thes evaluation of a eater yet herner m woe comdmcrs were (|) the aescsernen of 
tee wmpact areng® of fla fan tegh preseure © mer pets om we Mines em mem torwards the deflectors arnt 
(2) Ge aenesamers of Oe dimarwe of wfluerwe 4 feos of fla fam tegh presewre water pets waned im ce 
flees as an cn! deflecter 

Knowing Ge leenanons of Fewer ( anada + tegh peesewre emer pet proaee ype harrier om. le a 
emer very specif we and currers comdmons: were sougte =| $ 10) mm’ we Mees low deneity we cower 
lees than ome bnet current 

Sermulation im a tant was net prenitie tec aware of he large teat area reqnered Deserted we and Currere 
camden: can generally he fownd om seme lex atoms om the Si lL aerernce River during aprengime Teo 
sections of the river wore commdered for comductong the testing em the vicenity of Troe Rivieres and 
Quetiec harhors 

Testeng was to he aconenpirshed eth the help of Canadian Coast Guard we treaker Logit 
Protiiemns related to the asaerntly /(dmassermtly of the premenype barren were tc he rmememized umeng ao 
vessel te move the harner io the hes! test areas) weth Oe power generation ryuior alan om hmard 

bn March 1987 the we cover om the & | aerence River broke up carter than woual due to very Pegh 
tornperature and lef! ragud)) towards Oe Gull bh affected thus ev abuation m terms of we Mee av ailatwlery 
The national harhers comestered did nen expenemnce Grifieng we Mees ty Cheer dex ts wether the tome 
frame planned for the testing Other tent areas were locked @ om March 24 198) (mere me harhor: are 
shetiored hasis) het sudden sty fting wends Cleared the arras from we floes before Gre wating cold cian 

An atiomp to evaluate the harner was finally made om March 26 198) a the Se Charles River 
estuary i calm water near a peer The we coverage was stew os to seven engtis 

The harner ts poeeitte comfigurancm and the power rysiorn are descrited om Mevkle Whetaker 
Laperriore (1985) A harrier length of 10 m was aeserntied on tee peer and lnaded orno the deck of the 
we breaker Bermer together enh the tegh pressure paemp A shor herner length (hal! of the wewal ere) 
was weed because of Corere! and manewverateliy Geffroultics mm each we coverage Comdman: The uae of 
a emmall tat for mos szhe adpustmneres ard tigtaereng Commecticms Chremgticnt the tenting @ as crmpwrnnetiic 
the eater wa... cold Both ends of the harner were atached to a rope and the harner was bifted am 
hoard wreng a (rane when adpuntmerts were roquernd 

The harner cowhd mew he temed efule the vessel! ¢ propetiors were operating The turtulene gener 
mod Cleared the water surface of we fora |) 15 m radeus around the vesne! 
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Because of Gu tng? Gomer) xx coverage Oe emer surtace was fire Cicared around Oe weserl Oe 
barmer eas Gem Gcphoyed aorg Oe weer weg a cree The ou wor apermed @ OVS OPPs CEE) pe 
and Oe we flocs were punted hat towards Oe hares ueerg 2 memorend herge Ft | 


DP igere 2 Stee (tetris of the bee BF bee 


Figere | Opperetion of the © eter per Barrier 


Al a pressure of G95 bP a werng $7 tpen/pet (18 US gpeen/pet) che pets cold mee pee away the Mews 
aiready touctung the floats When the flows were pushed m freee of the forum hare 6 pet wery chow!) the 
wr floes were deflected Figure 2 

The Grstarwe of emfluemoe om the we fers mm frome of the barren was Gi ffhowl tw estemane tec aware 
flees cowld never he heomgte towards the harner de same eay However Guring the deflection of an we 
foe of shout 3m’, | m Gack. 0 15 m ahowe Ge water surface, « deflection Gitawe of | 8.2 4 @ &@ from 
of the novrles was kege clear weeng 2 presewre of 6095 FFen Pogue 3 

The influence of tye pets cm apelied pear moss between and hetend related wor flees Comd mew he 


Figere 6 A nemee of BD tgptes Some bee Plem or | remter 
ee 


Figure } — Keeping the lee Plow (ter 


i 


verified Deffhotues comeing Oe numter of wx flare om trom of Oe hares and Oe Clearance ference 
Gem prevemand q“wofx measwromerms The pos wor Ocfincumg Oe mas of wc caiter San pus Oe pea 
me 

On Ge muityent of uettwiemce on Oe ware surtace gomermed by Oe pote eho om frome of 2 ero wr 
mas om qpetang: of stems () 8 im ete paralic! wo Oe pt Geer was sme tattdioter up to 4 8 AO 
ewe, from Ge pom be qnemung: of ©} mm wade parallel wo Oe pt a 4S om pery from Oe harner Gere 
wert no mere pics cn Oe ean surtace “wo tutte was nemo? feted wor fines wath odgrs 
perpendawlar tw Ge pt ws Getarce of ene |} mm from Ge peu Figure 4 

From pervenus tare tenteng eel) waare pets of the name type aperture ang and heugtc ee bere tha 
wr flows gemermed have a memorable webct) up to 6m eeay Thee 6 mee om comeradacmam wath te o> 
servenorm made mm Ge perracte ce abuse bn eede qnereng: amor wer foes wah edges paralic! to Oe 
jet. Oe sarne tuttwieree range om Oe surface of Oe emcr eas meme? as om Oe Lark teetemg bn emailer 
sce opetungs parallel to Oe pei Ge enfluctee of he edge of the wr seer to he mere emperiace eee 
surface tuftwierwe lees memiceatie For qnereng: perpendeowlar to Oe gi the wr edges afer to anromgty 
roduce the wmer turtwien ec 

These few ctmery tices were dome edthenst wermg peat moe CRecry ice eeth pea mows at least ter 
preteratty with osl om a cemertied we cme rcemers are required to asaces the berm y cams of tegh pereaure 
OmeT ets mM an Oe Ce rrOMeTE 


(epic Vermarerre 


Ties dhom test stewed that altherugh Gee emer: harmer had scmme pemermial om woe ft Cur Com 
figura eas nen surciatie A mows mgd eyenem wold he reguerrd bom emocmmmended Mee cy mem 0! 
wemerets mourned m mgd pepe effect «am te affieed tw the here of veneets of gerture:) elemsld he 
rovesngaied Tf euch a sysier apears frame « wmeld Pe Peel acd temed m we 
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Staphoardé Navigational Radar as an Ol Spill Tracking Toot 


Preecapal leveengmor EJ Temeyen 
Momerals Managemets Servue 


Roemer Vorprmma 


CRyccrve To mweengme Gee Capatebmees of Wuptward nevigapomal rade to Geaect and tract open 
ocean od spel slats by aicring normal ue procedures 


The capatelmes of two KX hand @uptinard navigaemal radar urets to detect cw! hacks were evaluaiod 
Guring a oore Exrorceenecrs Canada Minerals Managemers Service eapermmers of! Nowa Scotia m 
Seguemer 1987 Two senes of apes were comducted. cach commmod of five releases of S$ empenal 
harrets of Alberta Sweet Blomd Mis (ASBM) crude and ASBM to wtech Bunker ( ov! had heen added 
The tethawiw of these slicks was momnored ural the clk ts had viewally Grempmed Radar was weed for 
tracking and Oe radar emages were compared wrth view otecry aor when comdrtiecrn permeticd W ends 
ranged from less than |0 tw ower WO knots during the radar evaluation Weather ranged from fog to ran 
to Clear comdmors 

The apphcatom of aerthorne X hand and synihetx aperture radar for wick detection i a proven 
tecteuque there heeng a nureher of warldesde aneratonal urets rowtmely avaiable Previcwt evaluation 
of shuptunard radar (Anclesom 1974) indicated that detection ranges for on! wicks were bemned to approw 
maety | tilometer even thowgh te radar uret evaluated had a matimmum nominal range of 7S nautn al 
miles Descusmoms of factors mmfhuenceng radar wmagery routmety describe a cripcal vic wing angie of a 
least 20 degrees for suffisere refinction to yreld a Grscematie panern of sea surface Comdom (Semon 
em, 1983) One ewaluation of optimal amemma viewing angles (C Core, 1981) imdicated that W to 45 
degrees from the verti al angle would he required Thws lends credence to the findings of Anclosom ard 
appear: to expla the previcwsly reponed bermned ov! ape!) detection range of steptiwmard radar However 
evaluabons during Ges crurse endicated that Clear depactions of shocks are possible at ranges of |) maut al 
miles or more 

One explanation of the way radar recerves returns from the ocean surface through hack a ationng 
Microwave back scattering from the ocean surface may he due to Bragg scamering by the shor (approw 
mately S com) waves for X hard radar Cawemg a resonance mm the macrowave return to the artenma Ths 
comatructrve wmerferemce ts apparently necessary for discernatie degecton of differences im sea surface 
texture eroege when breaking waves are presera (Milgram 1988) Bragg scattering ts also a funchon of 
aruemma viewrng angie 

Ties evaluation of stuptinard radar was pred ated on the dampeng of shon penad waves by the shot 
and the atwliy of radar to detect and represern deflerences im the shor pened wave field 

The jours Eerwworwnern Canada Minerals Managemen Serve cruise to evaluate two onl apell chem 
cal adderves was comducted from the Canadian Coast Guard Cumer Mary Hachers om Sepaemher 9 10) 
1987 off Nowa Scotia The results of the ev abuation of these addetrves are reported cleewhere in thes 
repent 

Two stuptinard radar urets were used comncidertally to track and monnor each of the ten § empenal 
harrel ov! apllls during tts exercise The radars were Sperry MK 340 and Decca 914 the lamer having a 
bright track repeater The Sperry MK 340 «: am K hand radar with a horizormtal beam edith of | 9 de 


grees and momninal ranges of 0.25. 0.5.0.75, 1.5, 1,6, 12, 14, 24, 48, and 120 newton! miles bh ic a 
tilowat unt with an atone approumately SO feet above the acean surface The Decca 914 ts also an 
i bend radar heving nominal ranges of 0.25, 0.5, 0.75, 1.5, 1. 6, 12, 24, 48, and GO maationl miles The 


horizertal hear erdth 1s | 9 degrees Ths radar ts a 2S blow an ume having an artenna hergte of 
approuimaely 40 feet above the coean surface 

beitial stempts to track the firu five of the $ barre! slicks ower a range up to |? nautical miles were 
uneucoessful with radar: operating im standard navigational made Bath urets cortarned septwatn ated 
wnertererce filters to reduce sea return and ermerfererwe from ram Approuimacly two hour were 


wrtially requered to adjust the garn and sea and raem chumer fiher: to cpmemize the repreaernatiom of the sea 


return. Onoe a relatrvely homogenous sca rectum was svailabic on thee radar. the arcas of Gemumshed sca 
return rcprcectimg shor wave dampang resulting from the onl shock weer analyred The radar could 
subscgucmily be returmed to navigabonal or shock detiecbon made by activating and écactrvaung te 
auiomatic filicr program. The Decca sysiem aid not offer Gee rcsoluon of the Sperry and was lcm 
complies to operaic so that sna! adyustmers for optemal sca surface return was more camly accom 
pirshed 

No photopraptuc capatulites cunsted for the Sperry radar acroen. The Dooca bright track unit, how 
ever, allowed a wide range of scroen bnghinces cormrol, and the following photograpis were taken of as 
sctocn 

igure | clearly shows a mast shadow artifact caused by the mounting of the radar unit just forward 
and to Starboard of the shup’s mast. This pic-chaped hole im the ca ectur was apperces « all tees 


, 


Figure | — The Meet Shadow Artifact 


Pigure 7 shows a five barrel slick which is wieilile @ 11 oO clack (790 & grecs relative hear). the 
range ts 5 nautical miles, winds 15.20 knots. The wick had deteriorated with patches of Gack of! and 
mousse (cel water ermulsson) surrounded by sheen A freighacr had trarveted the cactcrse areca, dracharg 
img ool wtach produced a SO meter wide slick from horizon to horizon Ths elick ts aloo vierhie on the 
igure at 9 o clock (770 degrees relative hearing) 

Figure 3 depicts a slick which is clearly wisitte from 6 to 7 o clack (180-200 degrees relative hear 
ing) even though partially obscured by the mast shadow The slick very lett (monty sheen) Winds 
are jess than 10 knots Range to the slick is } miles 

Figure 4 shows the mast artifact from 6 tw 7 o clace (180-201 degrees relative hearng) The sick 
rom the treagiter is visite at 4 0 clock and 9 o clack (110 and 2770 degrees relative hewing) and is 
commmucows. A heavily dissipated sheen i: visible a 12 o clack ( 4) degrees relative he ing) Range 
|? nautical Mi‘ca, winds 275. WH) knots 

The Deoca Unt did mat have the resotutian of the Sperry. therefore, the photograpts do not offer the 


Octal observed during the evaluation of the Sperry 


16) 


Pigere } — A Very Light Stick of 3 Mites 


The presence of large swells coupled with breaking wind @riven waves obscured the shocks wher 
winds exceeded %) knots fi is unclear whether relatively old and confused sea states, of the rapid disw 
pation of the shock under these conditions, was responsible for the loss of detection Perhaps both contnh 
uted to the apparert imatulity of cther radar to find slicks om comfused breaking seas at these relatively 
high wind velocities Fog and ran had no effect on the detection capatulities of esther radar 

There was an apparent correlation between the observed @ucker portions of slicks and radar mages 
As a shock dispersed leaving a sheen, the radar image becarme more indistinct The radar techrque 
apparently discerns thicker, more recoveratic shcks from less recoverable portions and, therefore, can be 
used to guide recovery operatiom 
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Figure 4 — Heavily Dissipeted Sheen ot 1) Mites 


( onclumons 


Stupboard X-band navigational radar can readily dctect of] spills im light to moderate sea condrpons 
if property tuned 

Sticks are clearly detectable in winds up to 30 knots as long as major swells (8 to 10 feet) are not 
present. (Tests in winds less than 5 knots were not run.) 

Requirements for tuning a radar to optimize sca return vary with the complexity of a unit. The Ingher 
the complexity the more difficult the imtial turung 

Radar is a readily available tool for use during oi! spill response and its use can facilitate shock 
tracking and climinate many of the detection problems associated with fog, ram, darkness, and relatively 
tgh sea states 

Further evaluation of stupboard navigational radar m a wide range of otls and sea states 1s required to 
quartify the lumuts of thus techraque 


Disclaimer 


The mention of specific products in this reporn does not constitute or empty an endorsement by the 
Minerals Managemerm Service or the author 
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Welthead Fire Suppression With Water Sprays 


Principal levestigator. Dr. Devid D. Evers 
Cesuer for Fire Rescarch 
Naponal Burrau of Standards 
Gaitersburg, MD 20899 


Otyectrve = To develop blowout fire suppereswan technology for offshore co) and gas operaom. 


The Comer for Fire Research (CFR) of @x National Burcas of Standards (NBS) is investigating Ox 
feamtulity of commrollang the radiapon from. and te cxunguntencrs of. blowout fires by use of a water 
spray fire suppreamon sysiem When water 1s added to any hydracarhon fuel fire. even in eal] amounts. 
radiauon from the Names 1s reduced ht has heen found m tus research that when sufficocraly large 
amnourns of water are added. mmulated gas wellhead fires can be extinguished Research has facused an 
amalyms of radsapon from semulaied gas well blowout fires. icsuimg of a prototype water spray fire 
suppreswon system with obstructed gas yet fires. and measurement of radiapon from combuned bquid and 
gas bydrocarnon jet flames 

A senes of large scale sxmulaied gas wellhead fire suppresmon tests was conducted im Norman. 
Oklahoma in 1984 to evaluate the performance of a four nozzle water spray »ysiem to extinguish of hema 
radiaton from the fire (Evans and Phenmung, 1965) An arrangemers of four waer spray norzies placed 
symmetncally about a0 | m (4 im) diameter gas outlet to spray water vertically immo and around a meth. 
ane gas jct-flame was tested. it was found that an wnobetructed nominally 200 MW (5.6 m'¥s (17 
MMSCF/D’) methane) yet- flame could be extinguished under no wind condipons with a water flow rate 
of 6.1 Iers/s (129 GPM), but would comtinuc to burn with a lower water injection rate of 5 4 Inera/s (86 
GPM). For scaling purposes and application of the results to other fires, these results can be recast im 
terms of the water spray to methane mass flow rate ratio In these terms the fire was cxtinguished at a 
mass flow rate ratio of 2.2 and continued to burn at a ratio of 1 6 In the case of the fires not extinguished 
by the water spray, the radiation from the flame was reduced 

The flame structure and radiation properties of these large methane jet flames were predicted umng a 
laminar flamelet conoceps for turbulent flames and a narrow hand radiation model developed by Facth at 
the University of Mictngan (Gore and others, 1986) In this analysts, only data prior to water spray 
smyection was used The lamar flameiet analysers permets prediction of turbulera flame temperatures by 
analyzing turbulera flames as if they were equivaicrt to wrinkled laminar flames Predicted and meas. 
ured fame temperatures as a function of distance from the gas outlet are shown in Figure | Separate 
predhcuons are shown fo. the two representations of the initial flow conditions of the escaping gas 
divergent nozzle and momentum velocity methods In cach case, both ume (T] and density weigtied 
(Pavre){T) (Bilger, 1976) averaged predicted mean temperawures are shown Three cupenmenial results 
ali of approumately the samme nominal 2010 MW nergy release rate test condoms except for minor wind 
vanatons are shown to compare to the calculated result for 200 MW and no wind Wend disturhances 
during the tests deflect the flame off axis, causing measured temperatures to be too low. panicularly at 
locations far from the gas outlet The comparison hetween predictions and measurements 1s encouraging 
Measured mauimmum temperatures are roughly 201) K below the prediction. whch 1 reasonable im view 
of probable thermocouple error from radiation heat losses and the effects of wind dreturhances 

Predicted and measured flame radiation heat Muses at five postions around the flame are cortaimned 
im Table | Only ane prediction is given for the nominal condition of 200 MW energy release rate For 
comparison purposes the data from the three teats are averaged Prediction im Table | generally underes 
tumate the expenmemal results The average drscrepark y between predictiom and measurements im T atic 
1 ts 20 percert, whuch 1s quite good m view of the fact that amtvert wind disturbances are not accounted 
for im the predictiom Also turbulem radianon mmeracvom., that were ignored im the calculation. tend to 
meorease Calculated radianon bevels from the mean property predichom shown here by roughly 10) 
percem for a methane/ar flare 


' Million standard cubuc feet per day @ | am and 15.5 "CC 
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Figure | — Measured end Predicted Meer Temperstures Along the Ani of 280 UW Jot Flame 
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Thus work os beang cupanded to peodact Ge more wacom radiation cmatiod fram combuncd methane 
gus and crude of] flames If howe calculaors are also successful, the radiamon mmganng cficcts of 
water spezy om flame radiation may also be calkculaiod wung the same amalysrs techrngucs 

Tivough a rescarch gram to Lowmana State Ureverwty. addmmonal testang of Oe waicr pray blowou 
suppercemon comorgs was compicied (Chavvin and Bourgoyne, 1968) The facies a Oe Blowout 
Prevermon school en the Deparimers of Pewrolcum Engineering permemoed toh fire tcets of greaicr energy 
release rates, wp to 410 MW (35 MMSCF/D) (!-Cufiery and wars, 19986), and evaluation of Ge effects 
of ottrucnoms that statelire the flame The same gas flow outlet and apray symiem used m previcus tests 
im Norman, Otiahoma was used om these tems Pogure 2 shows a compelation of the test results mm terms of 
water pray tO gas mas flow raic ratio vi. gas flow rate Ai relatively large gas flow rates, unotetrucied 
fives were catinguished af a mam flow raic ratio of 2 over Ge range of fires (20 w 35 MMSCF/D) 
represerming relatively tegh gas outlet velaces Thess supports cartier measuremernts made at Norman. 
O&lahoma and provides some suppor to cxuicmean of results to even larger fires repecscramg actual gas 
well blowouts Al lower gas floe raics mcrcamng ratios of water to gas were needed to cxlimgursh the 
fire Thus reflects Ghee poor mining and epray becak up m the relatrvely lower velocity gas jct 
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Pigere 2 — Water Spray F etinetion of (hetrected end | nebetructed Large Sc el Simulated 
Come Wet Blew met Fires 


The effect of arry obstruction mm the gas flow 1s to mcrease the ratio of water to gas nooded to 
extinguish the fire The process of extenctian also hocomes more erratic as seen by the filled symbols 
(represerting fire extemctian) mmmediately adjacer to apen symbols (represerting sustained burnmeng) In 
the case of the broad platform obstruction, fire cxtmctian required mass flow rate ratios greater than 
fifteen 


1A 


ht has been soon mm emailer scale tcmting & NBS Git even though cxumcuon ss more é:fficull wath 
obstructions em the flame. the mcrcancd statelsty of Ghee otetructcd Mame allowed greaicr reduchon m the 
flame radi:apon through reéuced cmismons and waicr epray stuckding 

Data have been collected a NBS on the effects of water epray on combuncd gas and hquid byérocar 
bon Games. Tests with total cnergy scicas rates of 20 MW. half from methane and hall from heptane 
have shown that the fires comtamung bguid fucl are more difficult to cxtimgursh woth water pray than 
pure gas fires having Ghee same total energy release rate. The combasnon of the quad fucl produces a 
tughty radiatrve flame Water eprayed mmo te heptane methane pct flame can reduce radiation from the 
flame to one-quarter of ms stall wmicmety Expermemis are beimg comunucd to asaces the cfiects of water 
apray on combuned crude or! and methane semulaicd well blowout fires 


Figure) — Teeny Megewet ( ombined Heptane Methane Simuleted Biewrwt Fire 
at NBS Teat F actiity 
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( comitrantecm of Onl Spills om Water 


Penopd lecengeer =D Dew! D Bram 
Comer fer Pore Reacarch 


Nae Burcas of Samdards 
Gatentwry MD X99 


Otyrceve = To Caractorver Ge pirymcs of ol age) comtwateen an anen water and im broken soe fickds 


te 1085. Gee Commer for Pre Research (CPR) & Ge US National Boreas of Standards (NBS) began 
muders of od age Comtwenecmn The ecrt acct: to guarmfy the pracesacs etrwotved m os! apell combwepan 
em open emer and on emer filled Chanmets formed om heoben we mx duding measuremeres of woke 
prrcedan tec ated predkcte of ames Geanerial 

The long range goal of Oe rracarch program mio prowsde measwremeres and mea to make quan 
unree predktram of the frackam of od om a appl Ghat cam he comumed Py an em ety ComPwation process. 
ee haracteremcs of Oe remdual onl and the Characieriemcs of the Commbwetion product flow fram the 
furmeng ol oes Meqed chat the enformancn may he Cast mmo a form that nm usable by kcal officials and 
ow! agell rragemec prodemscmal as pani of the decrmcn making process om the evern of an onl spell 

Preveews reeults from caperwmers: m tech crude cdl ear termed om 06 om diameter od pool fires 
om tuded meanwromores of hertmeng cae thermal raduanon emiemcan emake production and the cherm« al 
commpnemean of heh the owl and the ern reeedue (Evans and other 1986) Cakulatorm were periormed 
to eupemme Che eurface wend velnomes that cowl he generated by multepte fires dretntaaed over a large 
area as mogte te expected during the hurteng of an oe! pel comfimed Py broken wor mm the ar tc 

Thws effet es Gee firs mm a two year pengram to quarerfy the thermal properties and hermeng character 
eatce of Cre crude owl Ge ptryenal and Chores al peapertics of the ermoke generated mm the combustion 
Process and Ce capmcted Grapersal of Gre scwe throwgh the atmogtiere and depen dowtreid of the 
on! fores Tes reget summarizes reewtts from thea three mam research Chruet. all of etech are moon 
pene mt Owe treme 

Crude on! turn teats were comducted m the CFR large scale tow teshdeng Details of the capermemal 
agppermes for 6 mm dameter pred feres weth gas anal yers and sect sarmpieng are recorded m a previous 
reper! (Feans and cghors (984) Larger tes berm were comducted m anew | 2 m diameter pan installed 
under a calormeter heed Inetrwmeriaton for the larger her provided for the measuromern of flame 
torngerature oo and eater tomperature energy release rme radiation feedhact from the flames to the 
bequed eerface amd radiation from che flames to the serrownding Placement of the imatrumertaticn 1s 
shown m Figure | The energy release rates of the fires hermed under (hes hod are determined using the 
OLY POR Comune (alorrmeten tectemque The energy release rate rs ¢ alowlated from measured de 
OFeaRes OF Bem COPWereraioan m the taal flow of gaset trough the wack (Huggen. | 980) 


Figere | Phagrem of | 2 me Eiemmeter Poet Fire Appar ates 
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The burmung Charactcnencs of Gree types of Crude cals were ewomigmied mm Oe large Calommacacr — 
Alberta Seoet. La Rosa and Murhan According wo av mlatic cel propery informa ( Botes and Chung 
1986), Ghese oils G:ffer m compowtion menatty om Oe poroces of Oe heavier was plus asphaione frac 
wom, with Alberta Swoct crude feung Gee lowe and La Rosa crude teeny Or Inghes 
bmportas thermal Charactenmics of the Crude cols weed om Gas study are heey measured The Oermal 
conductivity of cach col was measured wang Gee watmects foe wore mechan’ (Healy and athers, 1962) In 
@us method te thermal conductivity of te hguid » écicrmmed by compaenng Oe measured ume oc 
ponders temperature change of a wore eubemerpod mm the quad rescrvoe af imeem eetial temperature eth 
the known amalytx solupon The thermal comductrwaty of the Gree Crude ooh ower the temperature range 
OC w SOC were commars and nearly equal Murban and Alberta Seoct heve a thermal comductvity of 
0.12 Wank. The thermal conductivity of La Ross is slightly tugher a 0.1) Wink 

The burrmeng characterstcs of tee Gwee crude onls were measured m berm under the large calorme 
ter hood The use of a | 2 m diameter pan permed cormrofied burteng cupenmers to be comducted 
under comdimom represcriative of the radianan dommnaied turhulera flow regume of larger pool fires 
Each of] was studied at four imitial layer Gucknesecs — 2 mm. S$ mm. 10 mm. and 25 mm The energy 
release rate for the Murhan crude cuhitmed an approach to @cady sate for the 10 mm and 25 mm layer 
Gucknesses pror to reactung a peak value during the vigorows burteng penod (ace Figure 2) The quan 
Meady state energy release rate for the Murhan crude was approumaicly 0 9S MW (840 kW/m’), actually 
decreasing noticeably prior to the raped morease m hermeng corrrenonding to a peak level of 21 MW 
(1860 & W/m’) just before burmowt The decrease m energy release rae during the meady burmeng phase 
(100 to S0D) seconds appears to he associated with the changing composmtion of the crude onl towards the 
heavier fractions The corresponding values of steady state amd peak energy release ratcs for the Alberta 
Sweet crude were 1.1 MW (1000 k Wim") and 2.7 MW (24000 & Win"), These walucs are significantly 
gremer than the area specif energy release rate for Alberta Sweet crude (720 1 Wm’) measured m the 
smaller 0 6 m diameter pan fire used for saci measuremeras The peak onergy release rate for the La 
Rosa crude was approwmatcly 80% greater than for the Murhan crude 
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The cul reméuc romantung following burnout varied woth Oe type of od and Oe layer Guackness Wath 
ome cacepmon more cul remammed from Oe Guckhew (25 mm) layer of cach ool and slgtely more roméur 
remamed wth Oe La Rosa Crude Gham wrth the cater cols The measured reoméue for al! ices ranged from 
O46 kg tw 1.2 bg compesponding to a layer Gepeh of appeoummaicly 06 om we 1 2 oe 

The chemmcal charaaenzamon of the smoke produced by burmeng crude onl os emporiare Gata few weal 
evaluapon of the efiects of onl spell combwatan Measurcmers m ths mudy mxctuded te orgarac vers 
chemeraal cafhom om Oe emoke the quaresy of sclocied polynucicar aromata (PAH) commpernateds om the 
smoke, and the amours of CO, CO, NO. and NO. cmumod Much of Ge analyses cfion was comerraind 
om the PAM analy These PAH compounds are of cowerormnertal comoem because some have been 
reported to be carcimogemic to atumais (Boyland, 1981) The results of Qe PAN analyes are compared 
with tee PAH comers of thee orginal crude onl 

In all] tests om Gus senes. Alberta Sweet crude onl was burned im a 0) 6 m diameter pool Approw. 
mately 9 ners of crude off were burned in cach tes, wtach corresponded to a fuel depth of show 30 mm 
The sample burreng ume was found to he shout fifteen minuics Smoke samples were collected on filers 
heated to match de sack temperature, show 100°C, using a heated transfer line (“H™ series tests) The 
smoke sample was collected during the ume of visually stcady burrmung Smoke sampics were also 
collected and diluted before collection on fil.ers with an cooled to ahowt 10°C to semulate the cooling 
that would naturally occur in a rising smoke plume (°C serics tests) In all tests two samples (sample | 
before sample 2) were collected on the filters hefore the raped burmng penod 

The results of the smoke emission measurcments are comained in Table |. The smoke yield, ¢, which 
18 defined as the mass of smoke acrosol generated per mass of fue! comsumed, ts found to have a value of 
about 0.10. This is similar to the value found in previous tests with Prudhoe Bay crude of] (Evans and 
others, 1986). The value of ¢ increases im going from sample | to sample 2 indicating that the emoke 
emismon imcreases as the fucl presumably distills leaving the sootier componert for the later stage of 
burmeng 
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The emote codiecied om tras C$ and C7 was fire Gihmod and Gus conte’ by Oe mack sampling 
prote The mass flow of sce comied Gilumcm an 1 aggro uimamcty rexce Oe mas flow of Ge ar samp’ 
from Gee mack The marefodd temperature pot price we Oe filicr os otmerwod to he wellen 2 C of Oe 
aznteers tompermure The wabur of ¢ otkamed under Grew comm «© | 8 perce to 20 peroore tess than 
Que vabue cttained for Oe head undshaed sample “ormally cme wowld capex am merrane ome ath 
Gawmom by cool ar rrmdteng from de condematicm of orgam vanom The PAH analyon Gracunand 
tetow Clearly shows Git Gee tagher vane pressure PAH 5 are greatly cmrutied im te Gined samgpiic 
commpared to Oe tugh icmmperature sampie The ctmerved decrcane om these touts may he Che reawk of 
wmnake Gepowmar by Ghermogtarcens im te create perce of the Golatcr ated ty turthwiers flow on te 
mining rege of the Gehuacr 

The emissan of CO. CO, NO, and NO. was monnored Guring sciecand toms The comcoreration of 
CO and CO, were measured by standard gas anal yur emerumereation head om nomdaperwve onfrared 
apectroscapy The emake arroac! was fihered and the mowsture Comdemmcd oat with a Ory we trap befor 
the sampled gas cracred the CO and CO, analyzers: The analy of the merogen o1sdes heard on Oe 
reacnom of ozone with the omdes and detection of the roe. 'ung Chemeluminescenme wrth a ptemacell The 
CO, accounts for over 95% of the gaseous products mewured as indicated m Tate 2 The ather princepal 
product of combustion, HO. was net measured The volume fractars of CO NO. and NO. relate to 
CO, were found to be shout ©C:038, 1.5 5 10°, and 42 10°, reqpectively The comcermration of NO aw 
NO, were just ahowe the detecton threwhold 
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Smoke acrosol produced by flaming combhweten is composed of a graphs or a called chomeral 
carbon fracnan and an orga carton fracnon Smoke samples were collected am quart fitter fiers and 
sem to a Comtrac! lahormory for thermal apex al anal yen for organ /clomemal (arhem (lotic and 
others, 1981) The clemertal carhan comen of the smoke ea found to he ower WG 

Exgta smoke samples weigheng 10) mg to |S mg cach were depmened am teflon fiers and were 
analyred for |$ polymx tear aromatic bydeen arom (PAHS) wong Commhemed bequed and gas (hrowmnatngrs 
pac tectemques Wise and Benner from the Comer for Analytical Chemmatry (NBS) periormed the 
analysis om four of the sampies by a methad previowsly weed by thom om quare:fyeng the PAH corners of 
two mandard referemoe ar parvoulate samptecs (Wise and athens 1986) The PAM comcermratem on the 
smoke for samples wemelar to those analyred at NBS were analysed at the Lahermones of Fm cement 
Canada m Omawa Capellary gas chromatograptry wath flame toms anon detechon (OC FID) was used a 
NBS for the measuremers of 15 PAN: om the four fier extracts The PAHs were determined by compan 
son of peak areas of the analytes with those of the ermermal standards The names and creatures of PAs 


for selected peaks wm the chromatogram are given om Figure } 
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hos creer Chat the Crude on! furts Chomartves hewe a PAN Compete (wereld! for the Compmrurnt: 
measured Ow wna! PAW fraction of the emake and Ge ongrnal on Merned are nearly equal br alan oo! 
warrest to compare Ow amour of wlecied PAN: per gram of fuel werews De armoures: of PAN: cotlected 
 @e emoke per gram of fuel commumed As wen m Tate 1 we relate Comcereratiom of te mndrvedual 
PAW comnpenmeds ¢¢ Gefferere mm the fuel compared i the wnebe For crampie Che Comjereranem of 
ptenaraherre plus arehracome om te fuel (8% mg/g) os atest > tomes greaer than for te amete | 1) mg 
§ fuel burned) efwle the Commertranom of hema aipyrene (Bal) a facter of twee lower few the fuel | * 
Mg'E) CoOmpered we we emete |B mgig) Thee erda aes hat Oe Comm wetiom proces: carl! oe penerateng 
apecfc PANMs ard that the PAH cormere of the fuel ell nem repreaere the Greeriteicn of PAR: cemented 
There 1s steer a tows foid erm tener of tee fowr ea rag PAHs om the emake Compared te Gre (made om! 

BaP has teen ward as a eurrngae for Oe overall caromogemn effect of PAs The tegher Bak com 
COreratiem om tw emake relates to the fuel «of eevercmertal Concern Rewewer feo bey romurs mere he 
addresaed tetore a full aenesemern of PAH eememcm can he made The effect of Merrteng race om PAM 
ermremem showld te analysed Smoke eas mee codlected during the wery raped Mermeng stage ear the ere! 
of a tem bast Gus herreng phase may te dewnenare ma large fore wrth ao then ow! lever An amalyern of te 
vagew phase PAN: sterwid he made to Compete the presere amalyers Chat has Com erratic’ om comdenand 
PPrane prrendben Te 

The obyect f Gwe fore pihumme analyert os to develop a metieadoingy efech ell perme the prods tem 
of emeke Greapersal pemerated hy one or mews col qpell fren om close pronemmery bm order to aliew tor tw 
foemteley of large commprrede feres Geere are Chere mann engredheres Chat preset Me Laker pre ac cere om 
te analyern They are Oe ctratefk cee of Oe mmoaptere amtwere eende ard Ge pregerters eof he meri! 
fore pure The « ate of the ptheoncmena to fe comondered 1: remegtily |} bekammeners om the wert a | the 
paumne ree hengte) a com yparatiic aprrad lanerally ma Gerecteam perperdc ada te Gee amtwern eed are! 
arryetwere from 20) te CN) bekewmeners om che Gerwtre nnd Gere teem 
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Crves the acale of these plumes the Reyarids oF (irasho! marten: of the asarcaed flew pation are 
enormows and a deacripiicn etfs h orm: motccwar Gffumcn of mass momernturr and energy i reac 
atte The tramanert of emake aeroscd the otyectiof prvmary meres es dewmenatied ty large a ale adver 
tem We are mee Comuerned with the ential extatimheners of the plumes ao that a sie at) slate pactere oof 
the Gaperal process « propriate Under these Corcurmetamoes the equatiams ei presemg the Comaery atm 
of mass momertum and energy mm Gee few were formulmed aru solved wong Oe uleal gas equate of 
state and wwial fore plume velocety and temperature correla (McCaffrey 1981) In these sedate 
the amtwera eed e asawmed to vary wrth heogte fen flere om a commtare derectecm The « ako wlatiwm pre 
begun a an altetade euffk sendy low ao that te end has mew yet had man ® of am effec: cm the plume arn! 
Graternt fire phumes have new yet merged For mdrvidual fires om Gee range (CN) 1(TN) MW thee aleenate 
showid typacally te om the range SO) 1%) M 

Th: pretitem ts close to ome aedwed previews) (Raum ard ether: 1982) The prettier to te aedved i 
rere captcetly tee Gemenacnal ard treme deperdecw eh cetatity a aed Getarce dowrwrnd playrng the 
role of tome There are too mgrefx are Gifleremcrs etach ell requeere mendefx atc to carter (ahowle 
tows Nefore Quareetatrve prods tems cam te made Frere the aentwern erratefx atom of temperature ard 
dormer) appear mm the equaticams: to te aetved a fumdamertal eay Secemed the ork iomure walls Mel me 
the Cakowlatems  Bawen and ceherk 198") mare he remmewed Seell the equates are (leome eremeg Chat er 
worthetele to are Che bend of rematts etch merge frown a related ern tomere fore Comnpmstatec 

To mabe uae of Ow previces CoOmpeae? pengrams for dememarranem ef the ( apatelenes ef Gye type of 
aralyen Oe peotiers of a thermal generated m te er toowre was ako wlated Figure 4 shows (penen 
teal) ONE Tatere Commer: chewt!y after tw heat pasar ropwrenerweng the cw! fore ee termed an The frame ev 
referer ne meow a plane cweegeng deownearream wh the areterre werd wel wy Fogure 8 oterws the 
plume pust derwtrewd of te fire bom mere here ower and harely commwcted to the grown Figure 6 


shows Oe mutial Gcvelopmers of the typacal COwmict-scohatimg vorica paw mm Ox plume as & macs shove Ox 
Gatum level euch forthe: Gowmarcam. Pimally, m Fogure 7 the vores structure is Quite pronounced. The 
plume sructure tus distance Gownsarcam would profatly te strongly modefied by strateficanon and te 
pececsxe of plumes goneraicd by other fers. Some indication of the Lact cffoct mmgta be inferred by 
commderimg (us soguctcr to roprcscrs an infimmic pomadic array of plumes aligned perpemdicular to thx 
wind However, écfimutve answers Can only come from caloulauons hascd on a full analy wath appro 
praic boundary condmonm (Evan, ct al. 1988). Putere work will focus on this proticm 
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As cxpenmermial facility has boon compicied to cuamete the bureeng condmons of crude oil an a | 2 
m Giameter pool fire comfigurason Thes faculty permamiocd commrofied burrmung cupcrumentis to be con- 
éucted under condmons ropreactnatrwe of the radianon-dommaied. turtwicr flow regune of larger pool 
fives that might occur on the open ocean or in pools confined by troken ice. Tests wath thece differc 
crede oils, Alberta Sweet, La Row, and Murhan were conducted using mutial oil Gopths of 2 mm. 4 mm. 
10 een and 25 em Hosted on a Goop water layer 

Ai of] Gepats of 10 eum and 25 mm cach off cubibied two Gititxt burning mages. The fire was 
amociaiod wah a progressrve vaponzanoan of the burreng orl laycr and the other with more mcm, shor 
éurauon burrmung mm wtuch the oil surface was Churned and splancrod by howling waicr under the ten ol 
layer. For Murhan crude oll, the sicady burning resulted in cnergy rcicase rates of 840 k Win’ wtach 
mcrcased to 1860 k Wm’ during the vigorous burning before cxtecom Resdéual oil left on the water 
surface at the ond of natural burrmung corresponded to a umform Layer dcgah of 0.6 mm to | 2 mm 

The burmng of Alberta Sweet crude ail results on a tngh wmoke cminmon wath ¢ show 0 10 (10% 
comversion to smoke) The smoke has a igh clemental ca 4.0m componers im cacess of GO% resulting im a 
tugtiy high: abaorteng sccm 

The primary gascous product of combustion is OO. with the CO comcermration about a factor of 25 
lower than CO, The cmiswan of NO and NO. are lews than one thousandth the concernrapan of CO, 

Independers analyses of the PAH corners of the smoke by the Naponal Bureau of Standards and 
Environmer Canada showed the same tromds and had good overall agreemera for 12 mdrvidual PAHs 
The PAH corners of the smoke was nearly oqual to that im the ongimal ofl bermed The PAH coracrs of 
the smoke was enriched im the larger species im comparison with the fucl. The concentration of 
benzo alpyrone, whch is often used as a surrogate for the carcinogemc effiect of PAH, was fownd to be 
three times greater im the cruce oil smoke per gram of fucl comwmed compared to the crude onl stachf 
The concentrations of the three ring PAHs were found to he very scnentive to the filter collection tem. 
perature Thus, is smporian to use a dibutcr when sampleng the PAHs to semulate the condition 
CkIsting mm a rising smoke plume 

An analyses of the drepersal of fire phumes by atmospherk wonds was presertod I was demonstratod 
that as the plume buoyancy weaker wrth altttude and plume gets hort over by amtwcra wonds, the 
equanans descriteng the drapersal process are greatly semplifiod Ptrysscally, the’ are equrvalert to 
studying the two-damenmonal bul terme dependerm process by winch a bucyard tk rmal equilhrates with a 
stratified atmosphere at rest Sample results of a wmilar process accurmng mmmde an enclosure have heen 
shown This approsemate model can be waed to calculate reabretc drepersian of ot! apall combustion 
generated smoke with maderate uzed computing resources 
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